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The pituitary of teleosts produces two gonadotropins, FSH and LH, and they signal 
through two distinct receptors located on the granulosa and theca cells of the ovarian 
follicles in the ovary. In contrast to that in mammals, the roles of fish gonadotropins in 
controlling fish reproduction are far from well-defined, particularly in the cyprinids. 
Investigation at the gonadotropin receptor level can provide alternative clues to the roles of 
their ligands in fish reproduction. However, the information about fish gonadotropin 
receptors is rather limited, especially on their hormone specificity, expression pattern and 
regulation during reproductive cycle. Using zebrafish as a model, I have undertaken the 
present project to address a series of issues about gonadotropin receptors including the 
structure and hormone binding characteristics of FSH receptor (FSHR) and L H receptor 
(LHR)，their expression profiles during ovarian and follicle development, as well as their 
regulation by gonadotropin(s). 
I first cloned both zebrafish FSHR and L H R cDNAs. Amino acid sequence analysis 
of FSHR and L H R showed the highest homology with their corresponding counterparts in 
other teleost species. The functionality of zebrafish FSHR and L H R was confirmed by 
expressing these proteins in the C H O cells together with a reporting plasmid containing a 
c A M P responsive element. Stable cell lines expressing both the reporter (SEAP) and 
either FSHR or L H R were subsequently established. The recombinant FSHR cell lines 
responded to goldfish pituitary extract (gfPE) and bovine FSH, but not hCG and bovine 
LH, whereas the L H R cell lines responded to gfPE, hCG as well as bovine FSH and LH. 
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W e also examined the expression of FSHR and L H R at the whole ovary level during 
sexual maturation and their expression at the follicle level in mature spawning fish. 
FSHR expression could be detected in the immature ovary, and its level steadily increased 
during vitellogenesis of the first cohort of developing follicles. In contrast, the expression 
of L H R could barely be detected in the immature ovary, but it started to show up around 
the beginning of vitellogenesis and steadily increased afterwards with the peak reached at 
the full-grown stage. Similar temporal expression profiles of FSHR and L H R were 
observed at the follicle level. FSHR had weak expression in the primary growth follicles; 
however, its expression significantly increased in the follicles entering vitellogenesis, and 
the level continued to rise until mid-vitellogenic stage, which was followed by a drop at the 
full-grown stage. In comparison, the expression of L H R obviously lagged behind that of 
FSHR. Its expression became detectable only when the follicles started to accumulate 
yolk granules, but the level rose steadily throughout vitellogenesis and reached the peak at 
the full-grown stage prior to oocyte maturation. 
The effect of gonadotropin on FSHR and L H R expression and the signaling 
mechanism involved were also characterized in an in vitro culture of zebrafish follicle cells. 
Surprisingly, the expression of FSHR and L H R was abruptly and rapidly suppressed by 
hCG, which may be one of the mechanisms underlying the potent desensitizing effect of 
hCG on some target genes as demonstrated by our previous studies. This rapid and potent 
down-regulation pattern of FSHR and L H R by hCG appeared to be mediated by a 
cAMP-PKA-independent pathway, as the abrupt suppression could not be fully mimicked 
by an increase in intracellular c A M P level. However, the cAMP-dependent pathway 
could be a minor down-regulatory mechanism that causes a slower and less potent 
response. 
The present study has provided clear evidence for the ligand specificity of zebrafish 
FSHR and L H R to heterologous mammalian gonadotropins, particularly hCG which has 
ii 
been commonly used in fish and our previous studies. The stable FSHR and L H R cell 
lines established will allow for further characterization of the homologous zebrafish FSH 
and LH. The analysis of zebrafish FSHR and L H R expression profiles in the ovarian and 
follicle development strongly argues for differential roles of FSH and L H in controlling 
zebrafish ovarian follicle development, supporting the concept proposed in the models of 
salmonids. As FSHR and L H R have been cloned in only a few fish species, the present 
study certainly contributes to the current knowledge about the characteristics and functions 
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In vertebrates, reproductive functions are mainly controlled by the 
hypothalamic-pituitary-gonadal axis. Gonadotropins, the central hormones in this axis, 
are produced and secreted by the pituitary gland and act on the gonads to regulate gonadal 
development and functions including gamete and sex steroid production. In mammals, 
two gonadotropins are produced by the pituitary gland, namely follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH). In teleosts, two types of gonadotropins, 
FSH (formerly termed GTH-I) and L H (formerly termed GTH-II), have also been 
characterized in various species (1). 
Gonadotropins target at the gonads to exert their effects on reproductive function. In 
female ovary, gonadotropin receptors are localized in the somatic cells of ovarian follicles. 
Two types of gonadotropin receptors are present in the ovary, namely FSH receptor (FSHR) 
and L H receptor (LHR), which correspond to FSH and L H binding respectively. While 
gonadotropin receptors in the tetrapods have been studied extensively (2-4)，the 
information about these receptors is rather limited in teleosts. This chapter serves to 
provide background information about the structure, function and regulation of 
gonadotropins and their receptors in mammals and teleosts, as well as the information 
about ovarian follicles, where the gonadotropin receptors are expressed. 
1.1 Gonadotropins 
1.1.1 Structure 
Two gonadotropins, FSH and LH, are produced in the anterior pituitary gland in 
tetrapods. They are members of the glycoprotein hormone family, which also include the 
placental hormone chorionic gonadotropin and thyroid-stimulating hormone in the pituitary. 
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Gonadotropins are heterodimeric hormones consisting of two subunits, a and p. The a 
subunit is common for all the glycoprotein hormones, whereas the p subunit is 
hormone-specific and determines the biological specificity and activity of the hormone. 
Both subunits are glycosylated at specific residues and are associated by noncovalent 
bonds (Fig. 1-1) (5). 
For many years, a single gonadotropin was believed to control reproductive functions 
in teleosts (6，7). The duality of teleost gonadotropins was first demonstrated by isolation 
and characterization of two distinct gonadotropins, GTH-I and GTH-II，in the chum 
salmon {Oncorhynchus ketd) (8，9). Since then, the two gonadotropins have been isolated 
from other teleost species including the coho salmon {Oncorhynchus kisutch) (10), 
common carp {Cyprinus carpio) (11)，bonito (Katsuwonus pelamis) (12)，Atlantic croaker 
{Micropogonias undulates) (13), tuna {Thunnus obesus) (14)，Mediterranean yellowtail 
{Seriola dumerilii) (15), rainbow trout {Oncorhynchus mykiss) (16) and Atlantic halibut 
{Hippoglossus hippoglossus) (17). Molecular cloning of FSHp (formerly termed GTH-ip) 
and LHP (formerly termed GTH-IIp) cDNAs in a wide range of fish species further 
confirms the duality of teleost gonadotropins, including the chum salmon (18，19)，silver 
carp {Hypophthalmichthys molitrix) (20), killifish {Fundulus heteroclitus) (21), masu 
salmon {Oncorhynchus masou) (22), striped bass (Morone saxatilis) (23), gilthead 
seabream {Spams auratd) (24), goldfish {Carassius auratus) (25), Japanese eel {Anguilla 
japonica) (26，27), African catfish {Clarias gariepinus) (28) and Atlantic halibut (29). 
Recently, our laboratory successfully cloned the cDNAs encoding for GTHa, FSHp and 
LHP subunits in the zebrafish {Danio rerio) (So and Ge, unpublished), which is one of the 
most popular model animals for studying vertebrate biology. 
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Fig. 1-1. Structure of teleost gonadotropins. FSH, follicle-stimulating hormone; 
LH, luteinizing hormone. 
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1.1.2 Function 
In the ovary, gonadotropins are responsible for regulating follicle growth and 
maturation (folliculogenesis) as well as steroid production (steroidogenesis), and they exert 
their effects through activation of their corresponding gonadotropin receptors located on 
the follicle cell membrane. 
Follicle growth requires the coordinated actions of FSH and LH. However, at the 
first stage of folliculogenesis, the primordial follicle growth seems to be independent of 
gonadotropins, which is evidenced by absence of functional FSHR in primordial follicles 
in humans (30) and sheep (31). In agreement, in human individuals defective ofFSHp or 
FSHR and knockout mice defective of FSHp, FSHR or LHR, the early preantral follicle 
development was normal, but the folliculogenesis was blocked before antral stage (32-37). 
After cyclic recruitment of follicles from the pool of resting primordial follicles, the 
growth of antral follicles to preovulatory follicles is under the pivotal control of FSH and 
LH. The appearance of FSHR and L H R on the surrounding granulosa cells and theca 
cells on antral follicles, as evidenced by in situ hybridization in the rat ovary, is a sign of 
responsiveness of the growing follicles towards gonadotropins (38). During the growth 
phase, the proliferation of surrounding granulosa cells increases significantly under the 
influence of FSH (39)，which has also been demonstrated in vitro with follicles from mice 
(40, 41). FSH also promotes granulosa cell differentiation by stimulating L H R m R N A 
expression in these cells (42-45). The appearance of L H R on granulosa cells allows L H 
to exert its effects by initiating new gene expression cascades in the cells to initiate 
luteinization, resumption of meiotic maturation and the rupture of the follicle wall in 
ovulation (46, 47). 
The other major function of gonadotropins is the control of steroidogenesis in the 
ovarian follicles. In mammals, a "two cell-two gonadotropin" model has been proposed 
to describe the relationship between FSH-LH and granulosa-theca cells in the production 
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of estradiol during folliculogenesis (48). According to this model, FSH stimulates the 
granulosa cells to increase the expression of cytochrome P450 aromatase (42), while L H 
promotes the production of androgens from cholesterol and pregnenolone by stimulating 
P450cl7 activity in the theca cells. The androgens will dififuse to the granulosa cells 
where they are converted to estradiol by FSH-stimulated aromatase (48，49). In teleosts, 
a similar "two cell-type model" has also been proposed by Nagahama et al to illustrate the 
production of estradiol during vitellogenesis (50). According to this model, testosterone 
is produced by the theca cells under stimulation of gonadotropin and is aromatized into 
estradiol in the granulosa cells. Estradiol is then transported to the liver to stimulate 
vitellogenin production (50). This model also applies to the production of 
maturation-inducing hormone (MEH) during final oocyte maturation. In response to 
gonadotropin stimulation, the theca cells produce 17a-hydroxyprogesterone, which 
diffuses to the granulosa cells where it is converted by the enzyme 20p-HSD to 17a, 
20p-dihydroxy-4-prenane-3-one (DHP), the maturation-inducing hormone in most teleosts 
during final oocyte maturation (50). Other enzymes involved in steroidogenesis, such as 
P450SCC, 3P-HSD and P450cl7, have also been demonstrated to be regulated by 
gonadotropins (42, 50，51). 
1.2 Gonadotropin receptors 
1.2.1 Structure 
In tetrapods, there are two kinds of gonadotropin receptors, namely F S H R and LHR, 
through which their corresponding hormone ligands (FSH and LH) exert their effects. 
The two gonadotropin receptors, together with thyroid-stimulating hormone receptor 
(TSHR), are members of the subfamily of glycoprotein hormone receptors within the 
superfamily of G protein-coupled receptors. Gonadotropin receptors exhibit the common 
features of a typical G protein-coupled receptor: a complex transmembrane protein 
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composed of an N-terminal extracellular domain, seven hydrophobic helices inserted in the 
plasma membrane, and a C-terminal intracellular domain (3, 4, 52). The extracellular 
domain of FSHR and L H R is large, constituting half of the protein. It contains similar 
motifs termed leucine-rich repeats (LRR), which form a horseshoe structure and is 
believed to determine distinct hormone specificity (53, 54). The intracellular domain of 
the receptor is coupled to a G protein, which mediates intracellular signal transduction in 
the target cells (52，55). 
Similar to the situation for gonadotropins, it was suggested by earlier studies using 
ligand-binding techniques that there was only one type of gonadotropin receptor in fish 
(56-58). The successful purification of two distinct gonadotropins in fish facilitated the 
demonstration of gonadotropin receptor duality. In the ovary of coho salmon 
{Oncorhynchus kistuch), it was demonstrated by homologous ligand binding assay that 
GTH-RI (FSHR) bound both FSH (GTH-I) and L H (GTH-II), whereas GTH-RII (LHR) 
specifically recognized LH. These results have led to the proposal of a two-receptor 
model for salmonid FSH and L H (59, 60). In contrast to the successful cloning and 
characterization of subunits of gonadotropins in a wide range of fish species, molecular 
cloning of fish gonadotropin receptors had remained elusive until recently. To date, only 
a number of fish species have both FSHR and L H R cloned, including amago salmon 
{Oncorhynchus rhodurus) (61，62)，channel catfish {Ictalurus punctatus) (63, 64)，African 
catfish {Clarias gariepinus) (65, 66)，tilapia {Oreochromis niloticus) (Accession number: 
AB041762, AB041763), Atlantic salmon {Salmo salar) (AJ567667, AJ579790), rainbow 
trout {Oncorhynchus mykiss) (AF439404, AF439405) and gilthead seabream {Sparus 
aurata) (AY587261, AY587262). There has been lack of information on FSHR and L H R 
in the cyprinids except a recent report on the cloning of zebrafish FSHR during the course 
of this study (67). 
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1.2.2 Expression 
In mammals, FSHR and L H R are expressed in the ovary and testis (38, 68，69). 
While L H R expression can also be demonstrated in a variety of extra-gonadal organs and 
tissues including brain, skin, breast and adrenal gland (70-73)，FSHR expression seems to 
be strictly gonad- and cell-specific (38，74). At the cellular level in the ovary, FSHR 
expression is localized only to the granulosa cells from small follicles to preovulatory 
follicles, as demonstrated by in situ hybridization in humans and rats (38，75). In 
comparison, L H R expression is only confined to the theca cells of developing follicles, and 
its expression also shows up in the granulosa cells of late luteinizing follicles (38). In 
teleosts, RT-PCR analysis showed that the expression of FSHR and L H R in the channel 
catfish closely resembled the mammalian pattern, with FSHR found only in the gonads (63) 
whereas L H R being expressed in the gonads as well as several extra-gonadal tissues 
including the kidney (64). In contrast, their expression is highly specific in amago 
salmon as both are exclusively found in the gonads (61，62). The cellular localization of 
F S H R and L H R has been examined by ligand autoradiography in the coho salmon, and the 
results showed that FSHR (formerly termed GTH-RI) existed in both granulosa and theca 
cells, whereas L H R (formerly termed GTH-RII) was only detected in the granulosa cells of 
preovulatory follicles (59, 60). However, there have been no in situ hybridization or 
immunohistochemistry studies so far to verify such localization patterns in other teleosts. 
1.2.3 Signaling 
1.2.3.1 cAMP-mediated pathway 
It has been known for long time in both mammals and fish that, the binding of G T H 
receptors by their ligands FSH or L H activates a G-protein-coupled adenylate cyclase, 
which in turn leads to increased levels of intracellular c A M P (42, 50, 61, 62). A key 
event during the process is the association of the receptor to Gg upon its activation by 
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ligand binding. The coupling of receptors to Gg protein has been observed in membrane 
preparations from porcine follicles (76) and in cells transfected with gonadotropin 
receptors (77). The Gs protein then dissociates into G-a and G-Py subunits, which both 
transmit signal by interacting with effectors (52, 55, 78). Together with GTP, G-a will 
activate adenylate cyclase which converts ATP into cAMP, therefore increasing 
intracellular c A M P levels (52，55). The increase of intracellular c A M P activates the 
protein kinase A (PKA), and the catalytic subunit of P K A in turn phosphorylates structural 
proteins, enzymes and transcriptional activators. The phosphorylation of c A M P 
responsive element (CRE)-binding proteins (CREBs) will lead to activation of C R E on the 
promoter of target genes (79) and ultimately, m R N A synthesis of primary response genes 
of gonadotropin action such as aromatase and inhibin a subunit (42, 79，80). Other 
possible transcription factors that are activated by elevated levels of intracellular c A M P in 
the ovary include stimulatory protein 1 (Spl), upstream stimulatory factor (USF) and early 
growth response protein 1 (Egr-1) amongst others (81，82). 
Although the cAMP-PKA-CREB cascade is well-established, research in recent years 
have demonstrated that the c A M P signaling cascade also involves many other proteins or 
transcriptional factors. For example, FSH also activates the protein kinase B (PKB) and 
serum and glucocorticoid-induced kinase (Sgk) phosphorylation through a P K A 
independent but PI3-K/PDK1 -dependent pathway in cultured rat granulosa cells (83)，and 
its action can be mimicked by forskolin, an adenylate cyclase activator (83). A novel 
mode of calcium ion regulation by c A M P was also suggested for FSH or LH-induced 
calcium ion influx measured in the granulosa cells. This potential pathway is not 
mediated by P K A but by cAMP-GEF (cAMP-activated guanine nucleotide exchange 
factors) (Fig. 1-2) (84). Our laboratory recently demonstrated that h C Q through 
stimulating LHR, stimulated zebrafish activin pA expression through the action of 
cAMP-PKA pathway but suppressed activin PB by a cAMP-dependent but 
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PKA-independent pathway (85). 
1.2.3.2 Phospholipase C-mediated pathway 
Although c A M P is generally accepted to be the principal second messenger mediating 
FSH and L H actions, evidence also suggests that other second messengers may also have a 
role in their signaling. Gonadotropin receptors may independently activate another G 
protein-dependent signaling pathway, leading to the activation of phospholipase C (PLC). 
After the formation of gonadotropin-receptor complex, the activated PLC will cause the 
metabolism of phosphatidylinositol- 4,5-bisphosphate (PIP2) to form 
inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG), both of which can act as 
secondary messengers for mobilization of calcium and activation of protein kinase C 
(PKC), respectively (Fig. 1-3) (86，87). L H has been reported to increase PLC activity 
and calcium level in the chicken granulosa cells, where the steroidogenic enzyme activity 
and progesterone production were increased concurrently (88). Similar PLC-mediated 
calcium level increase was reported by L H stimulation of swine granulosa cells (89). 
Progesterone stimulation by L H in bovine luteal cells also involved PLC pathway, as the 
stimulatory effect could be blocked by a PLC inhibitor without affecting c A M P 
accumulation (90). In teleosts, both calcium and P K C have been reported to modulate 
steroid production in goldfish ovarian follicles (91, 92). Arachidonic acid, a product 
produced after the action of PLC on membrane phospholipids, was also suggested to be 
involved in the regulation of steroidogenesis in preovulatory goldfish ovarian follicles (93). 
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Fig. 1-2. Model of gonadotropin intracellular signaling mediated by cAMP. (Redrawn 
from Conti, 2002) AC: adenylate cyclase; cAMP-GEF: cAMP-activated guanine 
nucleotide exchange factors; CBP: cAMP response element binding protein-binding 
protein; CREB: c A M P response element binding protein; Gsa: a-subunit of 
stimulatory G protein; PDE: phosphodiesterase. 
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Fig. 1-3. Model of gonadotropin intracellular signaling mediated by PLC pathway. 
(Redrawn from Conti, 2002; Leung and Steele, 1992) DAG: diacylglycerol; ER: 
endoplasmic reticulum; IP3： inositol-1,4,5-triphosphate; PIP2： phosphatidylinositol-
4,5-bisphosphate; PLC: phospholipase C. 
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1.2.4 Regulation of expression 
FSH and L H act through their respective receptors to exert their effects in the ovary; 
however, their receptors (FSHR and LHR) are also subject to the regulation by their 
ligands and other endocrine or paracrine factors in the ovary. FSH has been demonstrated 
to regulate its own receptor during the course of follicular growth in mammals, but the 
results have been rather controversial. Several in vivo studies in rats and in vitro studies 
with rat or porcine granulosa cells showed that FSH increased F S H R m R N A expression 
(38，94-96). Yet in vitro down-regulation of FSHR m R N A after FSH treatment has also 
been reported in rat granulosa cells (97). Other ovarian growth factors, such as activin 
and TGF-p, are potent inducers of FSHR expression, and these factors can synergize with 
FSH in inducing FSHR expression (98，99). On the other hand, treatment of mice (100) 
and rats (38, 94) with hCG in vivo caused a down-regulation of F S H R number and 
transcript during hCG-induced ovulation. 
FSH alone can induce the expression of L H R during the growth of follicles (101) or 
in cultured rat granulosa cells (102), and several paracrine growth factors, such as activin, 
IGF-I and TGF-P, can further synergize the stimulatory effect in time and dose-dependent 
manners (103-105). Yet these factors by themselves do not have stimulatory effects on 
L H R expression. Similar to the down-regulation observed for F S H R (38, 94, 100), 
exposure of ovarian follicle cells to high concentrations ofhCG or L H also down-regulated 
L H R m R N A level in the rat ovary (106，107). In contrast to tetrapods, no information is 
known about the regulation of FSHR and L H R in teleosts. 
1.2.5 Desensitization of receptors 
Ligand-induced receptor desensitization has been well documented in many different 
hormone and neurotransmitter signaling systems including F S H R and LHR. Currently, 




One of the mechanisms leading to desensitization of gonadotropin receptors is the 
rapid uncoupling of the receptor from Gs protein (stimulatory G protein). The 
phosphorylation of the G T H R after agonist binding is thought to be an important event in 
the uncoupling process (108). Mutagenesis and receptor truncation studies with 
transfected cell lines showed that in the intracellular domain of rat LHR, four serine and 
threonine residues are potential targets for phosphorylation (109, 110)，whereas for rat 
FSHR, over 20 serine and threonine residues in the three cytoplasmic loops could be 
phosphorylated for uncoupling (108，111). Two kinds of protein kinases may be involved 
in this process: (1) secondary messenger-dependent kinases such as P K A or PKC, which 
are responsible for agonist-independent, or heterologous desensitization; and (2) G 
protein-coupled receptor kinases (GRKs), which trigger the agonist-specific, or 
homologous desensitization (112). GRKs are serine/threonine kinases that interact only 
with hormone-bound receptors without effects on non-activated receptors. Another 
protein, p-arrestin, is believed to prevent further signal transduction by binding to the 
intracellular domain of the receptor (113). It functions by sterically hindering the ability 
of the receptor to interact with its associated G protein (114). As a result, the increase of 
intracellular c A M P level after homologous desensitization is temporary, as demonstrated in 
a FSHR-transfected mouse cell line (113). Therefore prolonged stimulation of the 
receptor by agonist does not further increase c A M P level. 
1.2.5.2 Internalization 
The second mechanism of gonadotropin desensitization involves the aggregation and 
internalization of agonist-bound G T H R , which is a slower process than receptor 
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uncoupling. Internalization of the receptor decreases the receptor density on the cell 
surface for ligand binding, therefore reducing the hormone signaling effect. It was 
demonstrated in the rat granulosa cells by indirect immunofluorescence that during h C G 
treatment, the aggregation of L H R was observed as quick as 20 min (115). Endocytosis 
and internalization of agonist-bound receptor were demonstrated in rat-LHR (rLHR) 
1 C  
transfected cell line with radioactively labelled [ I]hCG (110，116). There is increasing 
evidence that phosphorylation of receptors is involved in the desensitization of G T H R . 
With potential phosphorylation amino acid residues mutated, the rate of internalization of 
[i25l]hCG-bound rLHR was slower than wild-type rLHR (110，116). Recent studies have 
demonstrated that p-arrestin can both desensitize and promote P2-adrenergic receptor 
(P2AR) sequestration by interacting not only with the receptor but also with clathrin, the 
major protein component of the clathrin-based endocytic machinery (117); however, 
whether this mechanism is involved in gonadotropin receptor desensitization remains 
unknown. 
1.3 Structure of ovarian follicles 
Vertebrate ovary consists of numerous follicles and it has two major functional roles: 
the development and release of mature oocyte for fertilization (gametogenesis), and the 
production of steroids that control the functions of the reproductive system 
(steroidogenesis). The follicles in the vertebrate ovary and their developmental fate are 
controlled by endocrine as well as paracrine factors (39，118，119). A typical ovarian 
follicle consists of an innermost oocyte, the surrounding inner layers of granulosa cells and 
outermost layers oftheca cells (39，118，120). 
In mammals, the development of follicles starts from the smallest primordial follicles, 
with a single layer of pregranulosa cells. Most primordial follicles remain in an arrested 
state, which may last from months to years. The meiotic division of the oocyte in each 
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follicle is arrested at the diplotene stage (120). Further development of a primordial 
follicle to primary follicle involves transformation of the epithelial pregranulosa cells into 
a single layer of granulosa cells surrounding the oocyte. Primary follicles will grow to 
the secondary follicles, and then to antral follicles. During this process, the surrounding 
granulosa cells proliferate drastically, the size of oocyte increases significantly, and most 
evidently, an antrum forms in the centre of the follicle (118，120). The largest antral 
(preovulatory) follicle is composed of outer layers of theca cells, multiple layers of mural 
granulosa cells, an enlarged oocyte surrounded by cumulus granulosa cells and a large 
antral cavity full of follicular fluid. 
In teleosts, the follicle growth can be subdivided into four stages: primary growth 
stage, cortical alveoli stage, vitellogenesis stage and maturation stage (121，122). Follicle 
growth starts from the primary growth stage, in which the oocyte is surrounded by a few 
follicle cells (121). With the growth of the oocyte, the follicle increases in size 
significantly and the follicle cells proliferate to form one continuous layer of granulosa 
cells. The stromal connective tissue also forms the outer layer of the follicle envelope 
(the theca layer). During the vitellogenesis stage, the oocyte accumulates large amount of 
yolk proteins derived from vitellogenin, which is the major cause for the phenomenal 
increase in oocyte size during this period. The final full-grown follicle consists of a large 
yolky oocyte surrounded by two layers of somatic cells, an inner layer of granulosa cells 
and an outer layer of theca cells, which are separated by a distinct basal membrane (50). 
Different from the follicles in mammals whose growth is largely due to the proliferation 
and stratification of the surrounding somatic cells, particularly the granulosa cells, the 
growth of fish follicles is mainly due to the accumulation of yolk in the oocytes, and at the 
final stage of growth, there is only one single layer of granulosa cells and theca cells as 
well. 
、 15 
1.4 The project objectives and long-term significance 
Pituitary gonadotropins (FSH and LH) play vital roles in the regulation of gonadal 
development and functions. In mammals, the roles of the two gonadotropins in ovarian 
growth and steroid production have been extensively studied and well-documented; 
however, the situation is not the same in teleosts. Two distinct fish gonadotropins have 
been identified, yet their roles in controlling fish reproduction are far from well-defined, 
particularly in the cyprinids, one of the largest families of teleosts with significant 
importance in the aquaculture of the Asia-Pacific region. 
Zebrafish, a member of the cyprinids, is one of the most popular models in studying 
various aspects of vertebrate biology including reproduction and development. Its tiny 
size, short life cycle and a cyclic daily spawning pattern offer tremendous advantages over 
other animal models for studying reproductive functions. 
Gonadotropins and their actions in the ovary have been one of the research interests in 
our laboratory. In our previous studies using cultured zebrafish follicles or ovarian 
follicle cells, we have investigated the regulation of oocyte maturation and expression of a 
variety of important ovarian growth factors, their receptors and binding proteins, as well as 
steroidogenic enzymes in the follicle cells by gonadotropins and the signaling mechanisms 
involved (85, 123-132). However, due to the lack of homologous zebrafish 
gonadotropins, all these studies used hCG as the alternative gonadotropin. This 
immediately raises an important question as to what gonadotropin receptor is involved in 
h C G action. FSHR, L H R or both? Furthermore, these studies also demonstrated a 
strong desensitization effect for h C G on most of the target genes studied including activin 
pA, ActRIIA (activin type IIA receptor), follistatin (an activin-binding protein) and PACAP 
(pituitary adenylate cyclase-activating polypeptide) (85, 124, 128，132); however, the 
mechanisms underlying the desensitization remains entirely unknown. To address all 
these questions, the present project was undertaken with the aim to systematically clone 
、 16 
both FSHR and L H R in the zebrafish and characterize their functions and regulation in the 
zebrafish ovary. Furthermore, since the information available in the cyprinids on FSH 
and L H profiles during reproductive cycle has provided little clue to their functions, unlike 
the situation in the salmonids, studies on their receptors in these species promise to offer 
important insights into this issue. 
In this study, I first cloned zebrafish FSHR and L H R from the ovary followed by 
expressing the receptors in the Chinese hamster ovary cells for studying their specificity 
towards various heterologous gonadotropin ligands including h C G The cloned zebrafish 
FSHR and L H R also provided important assay tools for producing recombinant zebrafish 
FSH and LH, and testing their receptor specificity by m y colleague So Wai Kin, who will 
present this part of work in his thesis. The present study also examined the ontogeny of 
FSHR and L H R expression in the zebrafish ovary during sexual maturation or puberty, and 
the stage-dependent expression of the two receptors in the follicles isolated from sexually 
mature gravid zebrafish. Furthermore, using the novel zebrafish follicle cell culture 
system established by our laboratory, the regulation of FSHR and L H R expression by 
gonadotropin (hCG) and the signaling mechanisms involved were studied in an attempt to 
provide clues to the observed desensitization pattern, which represents the first study on 
FSHR and L H R regulation in teleosts. 
As the first cypinid species with both FSHR and L H R cloned, the present study will 
certainly contribute to the current knowledge about the characteristics and functions of 
teleost gonadotropin receptors, which have been cloned in only a few fish species. The 
establishment of zebrafish FSHR and LHR-expressing cell lines will aid in production and 
purification of zebrafish recombinant FSH and LH, which is now underway in our 
laboratory (So and Ge, unpublished). With all the subunits of FSH and L H cloned in the 
zebrafish and their recombinant molecules with biological activities available in the near 
future, the present study on zebrafish FSHR and L H R surely provides a strong foundation 
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for future investigation of the pituitary-gonadal axis in this excellent fish model. 
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Chapter 2 
Cloning and Characterization of Zebrafish Follicle-stimulating Hormone (FSH) and 
Luteinizing Hormone (LH) Receptors 一 Evidence for Distinct Functions of FSH and 
LH in Follicle Development 
2.1 Introduction 
In vertebrates, reproductive cycles are controlled by two gonadotropins from the 
pituitary, namely follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which 
are in turn subject to the regulation by a variety of neuroendocrine and endocrine hormones 
from the brain and gonads (133，134). FSH and L H are both heterodimeric glycoprotein 
hormones consisting of a common a-subunit and a distinct P-subunit (135), and in the 
female, they play pivotal roles in regulating ovarian functions including steroid hormone 
production and follicle development as well as final oocyte maturation and ovulation (42， 
136，137). Gonadotropins exert their effects on gonads by binding to their specific 
receptors located on the membrane of follicle cells. The receptors of FSH (FSHR) and 
L H (LHR) as well as thyroid-stimulating hormone (TSHR) belong to the G 
protein-coupled receptor superfamily whose members are characterized by seven 
transmembrane domains, and these glycoprotein hormone receptors form a subfamily by 
sharing a unique large extracellular domain for hormone binding (2-4). The binding of 
glycoprotein hormones to their corresponding receptors activates intracellular signal 
transduction pathways (3，4). 
In teleosts, two distinct gonadotropins have been identified and characterized in a 
variety of species by either purification or molecular cloning (8，10，17，22，25, 29，138); 
however, their functional homology to those of mammalian counterparts has not been well 
defined. In female salmonids, FSH (formerly termed GTH-I) and L H (formerly termed 
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GTH-II) are differentially expressed and secreted during reproductive cycle, with the level 
of FSH being high during oocyte growth (vitellogenesis) followed by a surge of L H prior 
to or during oocyte maturation and ovulation (139, 140). However, in the cyprinids, the 
expression patterns of FSHp and LHP are somehow similar during ovarian development as 
demonstrated in the goldfish (25). This discrepancy is likely due to their different modes 
of ovarian development. The salmonids are annual-spawning teleosts with the oocytes 
developing synchronously, whereas the cyprinids spawn multiple times during their 
spawning season and their ovaries usually contain the follicles at different developmental 
stages, which may have different requirements for FSH and L H (141). Although studies 
in the salmonids have led to the hypothesis that FSH is mainly involved in controlling 
gonadal growth whereas L H is responsible for the late events of gonadal development such 
as ovulation and spermiation (10，142, 143)，their roles in non-salmonid species, 
particularly the cyprinids, remain largely unknown. Since little has been leamt about the 
physiological relevance of FSH and LH from the studies on hormonal profiles in these fish 
species, studies on their receptors promise to provide alternative information on the issue. 
In contrast to the studies on FSH and L H hormones in teleosts, the efforts spent on 
their receptors have significantly lagged behind those in mammals, which, to some extent, 
has hindered our understanding of the physiological roles of FSH and L H in controlling 
reproductive cycle. It was suggested by earlier studies that there was only one type of 
G T H receptor in fish (56-58, 144). However, with the two distinct gonadotropins purified, 
evidence emerged later in the salmonids that there existed two classes of G T H receptors in 
fish gonads, termed type I (GTH-RI) and type II (GTH-RII)，respectively (142), which are 
likely corresponding to the FSHR and L H R identified later with molecular cloning (63，64). 
In the ovary of coho salmon {Oncorhynchus kistuch), GTH-RI (FSHR) has been localized 
to both the theca and granulosa cells by homologous ligand binding assay and 
autoradiography and it binds both FSH (GTH-I) and L H (GTH-II), whereas GTH-RII 
、 20 
(LHR) specifically binds L H and it is located on the granulosa cells only. These results 
have led to the proposal of a two-receptor model for salmonid FSH and L H (59，60). 
Subsequent cloning studies in a number of teleost species have further confirmed the 
duality of G T H receptors in fish (63-66，145). However, the functionality of fish FSHR 
and L H R and, particularly, their spatial-temporal expression have not been as well defined 
as those in mammals, and the limited studies so far by expressing the receptor proteins in 
heterologous cell lines have generated confusing results in terms of ligand specificity. As 
one of the earliest efforts to clone fish G T H receptors, Oba et al. (61, 62) isolated two 
distinct cDNAs coding for putative FSHR and L H R in the amago salmon {Oncorhynchus 
rhodurus). Overexpression of these receptors in the C O S cells showed that FSHR 
(sGTH-RI) could be specifically activated by chum salmon FSH but not L H (62), whereas 
L H R (sGTH-R) was highly responsive to L H and, to a lesser extent, FSH as well (61). In 
the channel catfish (Ictalurus punctatus), the cloned L H R responded specifically to h C G 
but not human FSH, whereas FSHR was responsive to both, but with preference for human 
FSH (63，64). A similar situation was also observed in the African catfish {Clarias 
gariepinus) with homologous recombinant catfish FSH and L H (146). The cloned FSHR 
responded to both catfish gonadotropins with slightly higher preference for FSH. In 
comparison, the L H R was specifically activated by L H with little cross reaction with FSH 
(65，66，146). 
The high variation of gonadotropin-receptor interaction among the limited teleost 
species studied so far raises an interesting question about the situation in other fish groups. 
Recently, two putative gonadotropin receptors were purified from the ovary of an Indian 
carp (Labeo rohita), and they exhibited preference for salmon FSH and LH, respectively, in 
receptor binding assays. However, the purified FSHR-like and LHR-like receptors also 
cross-reacted significantly with salmon L H and FSH (147). To further understand 
gonadotropin receptors and their ligand binding specificity in the cyprinids, the present 
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study was undertaken to clone and characterize FSHR and L H R in the zebrafish, Danio 
rerio, one of the top animal models in vertebrate biology. In addition to the functional 
characterization of the receptors, we also performed studies on their temporal expression 
patterns during the period of sexual maturation and their stage-dependent expression in 
isolated developing follicles because this information is particularly lacking in the teleosts 
and would surely contribute to the understanding of the potential roles of the two 
gonadotropins in controlling fish reproductive cycle. 
2.2 Materials and Methods 
2.2.1 Animals and chemicals 
Sexually mature or immature zebrafish, Danio rerio, were purchased from local pet 
stores and maintained in flow-through aquaria (36L) at 25°C on a 14-h light: 10-h dark 
photoperiod. The fish were fed twice a day with commercial tropical fish food with a 
supplement of live brine shrimp once or twice a week. All experiments were performed 
under licence from the Government of the Hong Kong SAR and endorsed by the Animal 
Experimentation Ethics Committee of the Chinese University of Hong Kong. 
All chemicals were obtained from Sigma (St. Louis, M O ) and enzymes used for 
molecular cloning were from Promega (Madison, WI) unless otherwise specified. All 
culture media and fetal calf serum (FBS) were obtained from Gibco B R L (Gaithersburg, 
MD). Human chorionic gonadotropin (hCG) was purchased Sigma, and bovine FSH 
(bFSH) and L H (bLH) obtained from Tucker Endocrine Research Institute LLC (Atlanta, 
GA). hCG, bFSH and bLH were first dissolved in water to prepare stock solutions. 
They were diluted to the desired concentrations with the culture medium before use. 
2.2.2 Isolation of total RNA 
Total R N A was isolated from the ovary or isolated follicles with TRI Reagent 
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(Molecular Research Centre, Cincinnati, OH) according to the manufacturer's protocol and 
our previous report (124). 
2.2.3 Cloning of zebrafish FSHR (zfFSHR) and LHR (zfLHR) cDNA fragments from the 
zebrafish ovary 
Two pairs of degenerate primers were designed based on the consensus amino acid 
sequences of vertebrate FSHR and L H R to amplify zfFSHR and zfLHR c D N A fragments 
(Table 2-1). Three micrograms of total R N A from the ovary was reverse-transcribed into 
single-stranded c D N A with SuperScript II (Gibco BRL) under the following condition: 
70°C for 10 min without the enzyme followed by 2 h incubation at 42°C after addition of 
the enzyme. Polymerase chain reaction (PCR) was carried out using the degenerate 
primers described in Table 2-1. The synthesized c D N A was subjected to thirty-five 
cycles of P C R with cycle profile of 30 sec at 94。C，30 sec at 55°C and 60 sec at 72°C. 
The reaction was finished with a final extension at 72°C for 10 min. The amplified P C R 
products of expected sizes (FSHR: ~280bp; LHR: ~380bp) were resolved by agarose gel 
electrophoresis, isolated, purified by phenol/chloroform extraction and cloned into 
pBluescript II K S (+) (Stratagene, La Jolla, CA) by T/A cloning. The cloned plasmids 
were prepared with the NucleoSpin Plasmid isolation kit (Macherey-Nagel, Duren, 
Germany) for sequence analysis. 
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Table 2-1. Degenerate primers for amplifying cDNA fragments of zfFSHR and zfLHR 
Amino acid 
Gene Primer sequence 
sequence 
Sense: 5，-TTCAA(C/T)CC(A/C/T)TGCGAGGA(C/T)AT(A/C/T)ATGGG-3 ’ FNPCEDL 
FSHR 
Antisense: 5 '-GT(C/T)TGCCAGTCG AT(A/G/T)GCG TGGTTGAT-3 ‘ NHATDW 
Sense: 5 '-GA(C/T)GCNTT(C/T)AA(C/T)CCNTG-3 ‘ DAFNPC 
L H R 
Antisense: 5 '-ATNGT(A/G)TGCCANC(G/T)(C/T)TC-3 ‘ ERWHTI 
All the primers were synthesized by Integrated D N A Technologies, Inc. (Coralville, Iowa) 
2.2.4 Rapid amplification of 5' cDNA ends (5 '-RACE) and full-length cDNA 
Gene-specific antisense primers for FSHR and L H R were designed based on the 
sequenced FSHR and L H R c D N A fragments for 5'-RACE (Table 2-2). The reaction was 
carried out using the S M A R T R A C E cDNA Amplication Kit (Clontech, Palo Alto, CA), 
and the amplification products were cloned into pBluescript II KS (+) and sequenced. 
Based on the sequences of the 5'-RACE products, new gene-specific sense primers for 
FSHR and L H R were then designed near the 5' end for 3'-RACE to amplify the full-length 
cDNAs (Table 2-2). The amplified cDNAs were cloned into pBluescript II KS (+) and 
subjected to sequencing after generating a series of overlapping subclones by exonuclease 
III and mung bean nuclease deletion. Both strands of the FSHR and L H R cDNAs were 
sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit and ABI PRISM 3100 
Genetic Analyzer (Applied Biosystems, Foster City, CA). 
Table 2-2. Primersfor 5,- and 3 '-RACE PCR 
Gene Primer sequence Application 
Antisense: 5 '-GGTCGGCG AAAGCC A AGTGGC ACAT-3 ‘ 5'-RACE 
FSHR 
Sense: 5 '-CA AG ACCTCACCTG A AC AAC AGC AGC-3 ‘ 3'-RACE 
Antisense: 5 '-CG ATTGCATGATGACTGTAGTGTCCAC-3 ‘ 5 '-RACE 
L H R 
Sense: 5 '-CATAACCAGCCAACCGCTCGTCTCTC-3 ‘ 3'-RACE 
All the primers were synthesized by Integrated D N A Technologies, Inc. (Coralville, Iowa) 
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2.2.5 Isolation of ovarian follicles 
Fifteen to twenty female zebrafish were anaesthetized by immersion in ethyl 
3-aminobenzoate methanesulfonate (MS-222) and decapitated before dissection for the 
ovaries. The ovaries removed were placed in a 35-mm culture dish containing 60% 
medium Leibovitz's L-15. The follicles of different stages were manually separated and 
divided into five groups based on their size and vitellogenic state (122): primary growth 
stage (PG,〜0.15 mm), pre-vitellogenic or cortical alveolus stage (PV,〜0.25 mm), 
early-vitellogenic stage (EV,〜0.35 mm), mid-vitellogenic stage (MV，~ 0.45 m m ) and 
full-grown immature stage (FG, ~ 0.65 mm). The isolated healthy follicles were 
homogenized in TRI Reagent to extract total RNA. 
2.2.6 Sampling of the ovaries from sexually immature zebrafish 
About 200 sexually immature zebrafish were used for studying the developmental 
profiles of FSHR and L H R expression in the zebrafish ovary during sexual maturation. 
The sexual immaturity of the fish was first confirmed by histological examination of the 
ovary. The day of the first sampling was designed Day 0，and subsequent sampling was 
performed on Day 3, 6，9，12, 15 and 18. At each time point, both ovaries of each 
zebrafish were quickly removed. One of the ovaries was fixed with Bouin's solution for 
histological sectioning and microscopic observation of the development, and the other one 
was subjected to total R N A extraction with TRI-Reagent. 
2.2.7 Reverse transcription-polymerase chain reaction (RT-PCR) 
The expression level of FSHR and L H R were assayed by RT-PCR, with G A P D H as 
the housekeeping gene for normalization of data. In brief, the total R N A extracted were 
reverse transcribed into c D N A at 42°C for 2 h in a total volume of 10 |li1 reaction solution 
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consisting of 5 X M - M L V RT buffer, 0.5 m M each dNTP, 0.5 jig oligo(dT), and 100 U 
M - M L V reverse transcriptase. PCR amplification was then carried out on 1 |j,l RT 
mixture using gene-specific primers (Table 2-3). The PCR reaction mixture (30 |al) 
consisted of 1 X PCR buffer, 0.2 m M each dNTP, 2.5 m M MgCb, 0.2 ^ iM each primer and 
0.5 U Taq polymerase. The PCR profiles were 30 sec at 94°C, 30 sec at 60°C and 1 min 
at72°Cfor31 cycles. 
Table 2-3. Primers for semi-quantitative RT-PCR analysis 
Gene Primer sequence Expected size 
Sense: 5 '-ATGGATCCACTCGCTCTTT-3 ‘ 
FSHR 421 bp 
Antisense: 5 '-GCATTACTGGGAATCCTCTCTAT-3 ’ 
Sense: 5 '-AAGGACGAGTCGCTGAAAC-3 ‘ 
L H R 663 bp 
Antisense: 5 '-GATTCATTGTGGCGTATTCA-3 ’ 
Sense: 5 '-AATGAAGGGAATTCTGGGA-3 ‘ 
G A P D H 398 bp 
Antisense: 5'-AACAACTACAGCAATGCCTG-3' 
All the primers were synthesized by Integrated D N A Technologies, Inc. (Coralville, Iowa) 
2.2.8 Construction of expression plasmids 
For functional analysis of the cloned FSHR and LHR, we directly amplified the open 
reading frame (ORF) of each receptor with Pfu polymerase from the c D N A generated from 
the zebrafish ovary to ensure high sequence fidelity. The primers (Table 2-4) flanking the 
ORF were designed from the cloned cDNA with appropriate restriction sites added for 
subsequent cloning into the expression vector pBK-CMV (Stratagene) with the lac 
promoter removed as suggested by the manufacturer. The sense primers were also 
modified around the translation initiation codon ATG to conform to the Kozak consensus 
sequence GCCGCC[A/G]CCATGG to enhance the efficiency of translation (148). The 
O R F of FSHR was cloned at EcoRI/Xbal sites (pBK-CMV/FSHR)，and that of L H R at 
BamHI/Xbal sites (pBK-CMV/LHR). The clones were sequenced to confirm their 
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identity and sequence accuracy. 
Table 2-4. Primers for construction of expression plasmids 
Gene Primer sequence Expected size 
Sense: 5'-GGAATTCGCCGCCACCATGGTGTTGTCAATGATGCTGT-3 ‘ 
FSHR 2031 bp 
Antisense: 5'-GCTCTAGATCAGTGCACTTGGGCGATGTG-3' 
Sense: 5'-CGGGATCCGCCGCCACCATGTGGAGGTCTGCCCTGCTTCTT-3 ’ 
L H R 2152 bp 
Antisense: 5，-GCTCTAGACTAGACTCTCTGTATGTGCGG-3 ‘ 
The restriction sites added are EcoRI (GAATTQ, Xbal (TCTAGA) and BamHI (GGATCCV 
All the primers were synthesized by Integrated D N A Technologies, Inc. (Coralville, Iowa) 
2.2,9 Transient transfection and reporter gene assay 
The Chinese hamster ovary (CHO K-1) cells were cultured under 5 % CO2 in H a m 
F-12 medium supplemented with 10% FBS. The expression plasmid pBK-CMV-FSHR 
or pBK-CMV-LHR was co-transfected into the C H O cells with Lipofectamine 2000 
(Invitrogen，Carlsbad, CA) together with the reporter plasmid pCRE-SEAP (Clontech), 
which encodes the secreted human placental alkaline phosphatase (SEAP) reporter gene 
driven by a promoter containing multiple cAMP response elements. The expression 
vector p B K - C M V was used as the control. Twelve hours after transfection, the cells were 
subcultured into 24-well plates at the density of about 10^ cells/well. The medium was 
changed to serum-free medium after 24-h incubation and the incubation continued for 24 h 
before drug treatment. The cells were treated with different concentrations of goldfish 
pituitary extract or hCG for 18 h before sampling the medium for SEAP assay. W e also 
used COS-1 cells (African green monkey kidney cells) to confirm the results using similar 
transfection and assay protocols. The COS-1 cells were cultured under 5% CO2 in 
D M E M (Dulbecco's Modified Eagle Medium) supplemented with 10% FBS. 
The level of SEAP protein in the medium was assayed with the Chemiluminescent 
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SEAP Reporter Gene Assay Kit (Roche, Mannheim, Germany) according to 
manufacturer's protocol, and the signals detected and analyzed by the Lumi-Imager F1 
(Roche). Briefly, the medium (100 |il) was sampled from each well and centrifuged. 
Fifty supernatant was diluted with 150 [i\ Dilution Buffer and incubated at 65°C for 30 
min. After brief centrifugation, the heat-inactivated diluted sample (50 |il) was 
transferred to a LumiNuncTM 96 MicroWellTM plate (Nalge Nunc International, 
Naperville, IL) and mixed with 50 Inactivation Buffer. After 5-min incubation, the 
Substrate Reagent (47.5 \i\ Substrate Buffer + 2.5 |il Alkaline Phosphatase Substrate) was 
added followed by 10-min incubation at room temperature with gentle rocking. The light 
emission was visualized on the Lumi-Imager^'^ F1 Workstation, and signals quantified and 
analyzed with the software L u m i A n a l y s t ™ 3.x (Roche). 
2.2.10 Establishment and characterization of stable zfFSHR or zfLHR-expressing cell lines 
C H O cells co-transfected with pBK-CMV-FSHR or pBK-CMV-LHR together with 
pCRE-SEAP were subcultured into a 6-well plate 12 h after transfection and cultured in the 
presence of 500 |Lig/ml G418 sulphate (Gibco BRL) for 21 days. The expression of FSHR 
or L H R m R N A by the selected C H O cells was verified by RT-PCR. The stable 
transfectants were trypsinized and serially diluted into a 96-well plate for selection of 
single G418-resistant clones. All single clones were screened for SEAP response to 
gonadotropin(s) by treating the cells with 30 |ag/ml goldfish pituitary extract (for FSHR 
cells) or 10 lU/ml hCG (for L H R cells) for 18 h. The responsive CHO-FSHR and 
CHO-LHR clones were expanded and the expression of FSHR or L H R m R N A was further 
verified by RT-PCR. 
To investigate the functionality of the cloned zfFSHR and zfLHR, the cloned 
CHO-FSHR or CHO-LHR cells were subcultured into 24-well plates at the density of 10^ 
cells/well for 24 h followed by 24-h serum starvation prior to the treatment with the 
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goldfish pituitary extract or mammalian gonadotropins for 18 h. The assay for SEAP 
activity was performed as described above. 
2.3 Results 
2.3.1 Cloning of FSHR and LHR cDNA from the zebrafish ovary 
The full-length cDNAs for zfFSHR and zfLHR were cloned by 3'-RACE using the 
gene-specific primers designed from the 5'-RACE products. The cloned zfFSHR c D N A 
is 2543 bp in length, containing an open reading frame of 2007 bp, and it encodes a protein 
of 668 amino acids (Fig. 2-1). A putative N-terminal signal peptide of 16 amino acids 
was predicted by the software SignalP v2 (http://www.cbs.dtu.dk/services/ SignalP-2.Q) 
(149). Zebrafish FSHR protein shows the highest homology with that of channel catfish 
(69% amino acid identity and 79% similarity) (63) and African catfish (67% identity and 
79% similarity) (65) (Fig. 2-2). Characterization of the zfFSHR with T M H M M v2 
(http://www.cbs.dtu.dk/services/TMHMM) (150) reveals the presence of three major 
regions: a long N-terminal extracellular region of 347 amino acids, a 263-ainino acid 
region consisting of seven transmembrane domains, and a C-terminal intracellular tail of 
58 amino acids (Fig. 2-2). 
The zfLHR c D N A is 2965 bp in length with a 2127-bp open reading frame that 
encodes a 708-amino acid protein. As expected for a transmembrane receptor, there is 
also a typical hydrophobic signal peptide of 21 amino acids at the N-terminal (Fig. 2-3). 
The deduced amino acid sequence of zfLHR shares the highest homology with that of 
African catfish (69% identity and 78% similarity) (66) and Atlantic salmon (65% identity 
and 77% similarity) (unpublished, AJ579790) (Fig. 2-4). Similar to zfFSHR, zfLHR also 
includes three regions: an N-terminal extracellular region of 374 amino acids, a 
transmembrane region of 266 amino acids including seven transmembrane domains, and a 
68-amino acid intracellular tail (Fig. 2-4). 
、 29 
As members of the G protein-coupled receptor family, the isolated zfFSHR and 
zfLHR protein exhibit typical structural features of the family. Both receptor proteins 
start with hydrophobic signal peptides for receptor targeting, and the long N-terminal 
extracellular regions flanked by cysteine-rich sequences contain nine leucine-rich repeats 
(LRRs). The seven hydrophobic transmembrane domains, which is the hallmark of the 
receptor family, are well conserved in both receptors (Fig. 2-5). 
2.3.2 Functional characterization of zfFSHR and zfLHR 
To test the functionality of the cloned zfFSHR and zfLHR, we over-expressed each 
receptor in both C H O K-1 and COS-1 cells by transiently transfecting the cells with 
pBK-CMV/zfFSHR or pBK-CMV/zfLHR together with the cAMP-responsive reporter 
contruct pCRE-SEAP. The goldfish pituitary extract which is supposed to contain both 
FSH and L H significantly stimulated SEAP expression in both zfFSHR and 
zfLHR-expressing cells. However, hCG, which is commonly used in teleosts to induce 
spawning, significantly increased reporter expression in the zfLHR-expressing cells, but it 
had no effect on zfFSHR-expressing cells. A slight effect of the pituitary extract was also 
noticed on the control cells that were transfected with the expression vector p B K - C M V 
only. This might be due to certain unknown factors in the extract that may influence the 
intracellular c A M P level; however, the level of response in the control cells was much 
lower that those transfected with zfFSHR and zfLHR-expressing constructs, and hCG had 
no effect on the control cells (Fig. 2-6). The results were highly reproducible with both 
C H O and C O S cells. Consistent with the reports in the channel catfish and African 
catfish (64, 66), we also observed significantly high level of basal expression of SEAP in 
the zfLHR-expressing cells without any hormone treatment; however, the 
zfFSHR-expressing cells did not exhibit any significant expression of the reporter in the 
absence of hormones (data not shown). 
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To further assess the identity and functionality of zfFSHR and zfLHR, and also to 
establish an specific and reliable system for assaying and monitoring recombinant 
production of zebrafish FSH and L H in the future, we went on to establish two stable C H O 
cell lines that express zfFSHR and zfLHR, respectively, together with the reporter gene 
SEAR Consistent with the results with the transiently transfected cells, the goldfish 
pituitary extract significantly increased SEAP levels in both zfFSHR and zfLHR cell lines 
in a clear dose-dependent manner; however, hCG only stimulated zfLHR cells with no 
effect on zfFSHR cells (Fig. 2-7). Interestingly, when tested with bovine FSH (bFSH) 
and L H (bLH), the FSHR cells responded to bFSH dose-dependently albeit at high 
concentrations (1-4 |ig/ml), and they showed no response to bLH; however, the zfLHR 
cells responded to both bFSH and bLH although the effective doses of bFSH were 
obviously higher than those of bLH (Fig. 2-8). The effect of bLH was obviously similar 
to that of h C G in that both hormones were specific to zfLHR without any effect on 
zfFSHR, and high concentrations appeared to cause reduced response (Fig. 2-7 and 2-8). 
2.3.3 Expression of zfFSHR and zfLHR during sexual maturation 
As receptors of gonadotropins, which are the most important regulators of gonadal 
development and function, FSHR and L H R themselves are also subject to tight control by 
endocrine and paracrine factors in the gonads (38，45，94-107, 151). Understanding the 
expression profiles of F S H R and L H R will provide important clues to the specific roles of 
FSH and L H in controlling ovarian development and function, an issue that remains poorly 
understood in fish, particularly the cyprinids. In this experiment, we analyzed the 
temporal patterns of zfFSHR and zfLHR expression in the zebrafish ovary during sexual 
maturation using semi-quantitative RT-PCR. The assays were validated as described in 
the Materials and Methods (Fig. 2-9). The experiment was started with sexually 
immature fish of about two months old, and the ovaries were collected every three days 
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over an 18-day period. Nine to 15 female zebrafish were sampled each time. 
Considering the significant individual variation of the fish used, we fixed one ovary from 
each sampled fish for histological examination of the follicle development and extracted 
R N A from the other ovary for RT-PCR analysis. FSHR m R N A level gradually increased 
from Day 0 to Day 18 and peaked on Day 12 and afterwards. In contrast, the level of 
zfLHR m R N A was generally low during the period of the first 9 days despite a slight 
increase, but it dramatically increased in the late stage of development from Day 12 
through Day 18. The slight drop in L H R expression from Day 12 to Day 15 was due to 
significant individual variation of the fish (Fig. 2-10). To demonstrate the correlation 
between the stage of first wave of development follicles and the expression of zfFSHR and 
zfLHR, we reanalyzed the data according to the histological identification of the ovary 
from each fish. Representative histological sections of the whole ovary in each group 
were shown in Fig. 2-11. As shown in Fig. 2-10，the expression of zfFSHR significantly 
increased during vitellogenesis with the peak level reached when the first cohort of 
developing follicles reached mid-vitellogenic stage; however, with the appearance of the 
full-grown follicles in the ovary, the overall FSHR expression decreased. In contrast to 
zfFSHR, although the expression of zfLHR also showed a slight but steady increase during 
follicle growth, a phenomenal increase was observed when the first wave of follicles 
reached the full-grown stage (Fig. 2-10). 
2.3.4 Stage-dependent expression of zfFSHR and zfLHR in the ovarian follicles 
To further confirm the stage-dependent expression of zfFSHR and zfLHR as observed 
in the last experiment at the ovary level, we carried out another experiment using different 
stages of follicles isolated from mature gravid zebrafish. The results demonstrated a 
stronger and clearer stage dependence of zfFSHR and zfLHR expression as compared with 
that observed at the ovary level (Fig. 2-12). This is because the follicles in the zebrafish 
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exhibit asynchronous development and therefore the ovary contains multiple stages of 
follicles after puberty, and the expression level of any gene measured at the ovary level 
reflects the average of these follicles present. At the primary growth stage (PQ < 0.20 
mm), both zfFSHR and zfLHR had extremely low expression. The expression of FSHR 
dramatically increased at the previtellogenis or cortical alveoli stage (PV, 0.20-0.30 m m ) 
when the cortical vesicles started to appear and accumulate in the oocyte, which is an 
important morphological marker for the recruitment and activation of the follicle. 
However, this increase of zfFSHR expression was not accompanied by that of zfLHR. 
The expression of zfFSHR steadily increased throughout vitellogenesis and reached its 
peak level at the midvitellogenic stage (MV, 0.45-0.55 mm), and this was followed by a 
slight but significant decrease at the full-grown stage (FG, >0.65 mm). In contrast, the 
expression of zfLHR was obviously delayed as compared with that of FSHR. Its 
expression started to be clearly noticeable at the early vitellogenic stage (EV，0.35-0.40 
mm), but significantly increased at the mitvitellogenic stage. While zfFSHR expression 
decreased at the full-grown stage, the expression of zfLHR reached its peak level at this 
stage (Fig. 2-12). 
2.4 Discussion 
Like other vertebrates, two gonadotropins, FSH and LH, have been well demonstrated 
and characterized in a variety of teleost species (8-11, 16，18，19，24, 25). However, the 
exact roles of fish FSH and L H in controlling reproductive cycle have not been well 
characterized, which remains to be an important issue to address in the future. In contrast 
to the hormones, the receptors for FSH and L H have not been as well-documented in 
different fish models, and there has been lack of information about FSHR and L H R in the 
cyprinids, one of the largest teleost families. In the present study, we cloned the 
full-length cDNAs coding for FSHR and L H R in the zebrafish, which represents the first 
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cyprinid species with both receptors cloned and characterized. Recently Laan et al., also 
reported the cloning of a zebrafish FSHR c D N A encoding a protein of 668 amino acid 
residues (67). However, sequence analysis and comparison showed that this zebrafish 
F S H R showed 34 nucleotide differences from the FSHR cloned in the present study. 
Fifteen of them were in the open reading frame (2007 bp). Interestingly, most of the 
differences (19 out of 34 bp) concentrate in the 3'-untranslational region (396 bp, data not 
shown), suggesting that they may represent two different forms of transcripts. Zebrafish 
F S H R and L H R exhibit high sequence homology with their counterparts in the African 
catfish, channel catfish and amago salmon (63，65，66). 
Both zfFSHR and zfLHR show structural characteristics of glycoprotein hormone 
receptor family, including a large N-terminal extracellular domain, seven-trasmembrane 
domains, a short C-terminal intracellular domain (2-4), and nine leucine-rich repeats 
(LRRs) in the extracellular domain (152) that may be involved in determining hormone 
specificity and binding (54). Zebrafish FSHR and L H R also contain a highly conserved 
amino acid sequence (YPSHCCAF) located at the C-terminal of leucine-rich repeats 
(LLRs) that has been proposed to form a pocket for ligand binding (153), and 9-amino acid 
sequence (FNPCEDIMG) conserved in all members of glycoprotein hormone receptor 
family with the Pro, Glu, and Asp being important for ligand-mediated signaling and Cys 
for ligand binding (154). 
W e further investigated the functionality and ligand specificity of the cloned zfFSHR 
and zfLHR by expressing the recombinant receptors together with the cAMP-responsive 
reporter gene SEAP in two mammalian cell lines: C H O K-1 (Chinese Hamster Ovary) and 
COS-1 cells. Both systems generated consistent results. As expected, both zfFSHR and 
zfLHR could be activated by goldfish pituitary extract that is supposed to contain FSH and 
LH. However, when treated with h C Q the most commonly used mammalian 
gonadotropin in fish, zfFSHR showed no response in either C H O or C O S cells, whereas 
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the zfLHR exhibited significant response in both systems. These results were fully 
confirmed with the isolated stable C H O clones that express zfFSHR or zfLHR. Since all 
our previous studies in the zebrafish used hCG to examine the roles of gonadotropin(s) in 
controlling ovarian functions (85，123-132), the information about hCG specificity from 
the present study is important because it clearly shows that all the previously reported 
studies from our laboratory and others (155, 156) using hCG involved activation of zfLHR 
only without co-activation of zfFSHR. This immediately raises an interesting question 
about the effects of activating FSHR or co-activating both FSHR and LHR, which is 
entirely unknown at this moment and will be an exciting subject to investigate in the 
future. 
Using the two stable zfFSHR and zfLHR-expressing cell lines, we also examined the 
effects of purified bovine FSH (bFSH) and L H (bLH) on the two zebrafish gonadotropin 
receptors. Similar to hCG, bLH specifically stimulated the expression of reporter gene 
SEAP in the zfLHR-expressing cells without any effect on zfFSHR cells. However, 
bovine FSH could activate both zfFSHR and zfLHR at high concentrations (1-4 |ag/ml). 
This is similar to the situation reported in the African catfish that human FSH stimulated 
both F S H R and L H R whereas human L H and hCG only activated L H R (65, 66). 
However, also using heterologous human hormones, the studies in the channel catfish 
showed that human FSH preferentially stimulates FSHR with little effect on LHR, but hCG 
can activate both receptors (63，64). Because of the high variability of 
gonadotropin-receptor specificity in fish, especially when heterologous hormones are used, 
the effects of bFSH and bLH on zebafish FSHR and L H R should be interpreted with extra 
caution, and whether the results accurately reflect the specificity of native zebrafish FSH 
and L H would have to be confirmed with recombinant zebrafish FSH and LH. The 
discrepancy between heterologous human gonadotropins and the homologous hormones 
from the same species has already been demonstrated recently in the African catfish where 
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recombinant catfish FSH specifically stimulated FSHR with much less preference for L H R 
whereas catfish L H could stimulate both receptors with more or less equal potency (146)， 
which is different from the effects of human FSH and LH/hCG in the same species (65, 66, 
146). Since fish gonadotropins are not easily available, hormones from mammalian 
sources are commonly used as the alternatives in various studies in fish. The results from 
the present study, together with those from other models, should bring it to the attention of 
researchers who use heterologous gonadotropins that one should consider the potential 
complexity arising from the cross-activation of the FSHR and L H R by such hormones in 
various fish models. Although the physiological relevance of the co-activation of 
zfFSHR and zfLHR by bFSH is unknown, this hormone could be a useful ligand to study 
the interactive effects of co-activating FSHR and L H R in this model. 
Similar to the tetrapods, teleosts also produce two gonadotropins, FSH and LH, in 
their pituitary glands (10，135，142). However, the physiological roles of FSH and L H 
have not been well defined in different models. In the salmonids, it has been proposed 
based on the in vivo hormone profiles that FSH is likely important in promoting follicle 
growth in the ovary, whereas L H is mainly responsible for final oocyte maturation and 
ovulation (10，142). However, in non-salmonid teleosts such as cyprinids, studies on 
seasonal variation of FSH and L H expression did not seem to support differential roles for 
the two gonadotropins during the reproductive cycle. In the goldfish, FSH|3 and LHp 
showed similar expression patterns during the cycle (25). Together with the low 
expression level of FSHp in the pituitary compared with that of LHp, this has led to the 
speculation that FSH may not be physiologically relevant in some teleosts such as the 
cyprinids (R.E. Peter, personal communication). To provide clues to this issue, we 
performed experiments to investigate the temporal expression patterns of zfFSHR and 
zfLHR in the ovary during sexual maturation and the stage-dependence of their expression 
in follicles from sexually mature gravid zebrafish. This information is particularly 
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lacking in fish, and only channel catfish FSHR and L H R have hitherto been studied for 
their seasonal variation in the ovary during the reproductive cycle (63，64). Our 
experiments showed that unlike the reported expression patterns of FSHp and LHp in the 
pituitary of cyprinids, the two gonadotropin receptors were differentially expressed in the 
zebrafish at both the ovary level during the sexual maturation and the follicle level in the 
sexually mature fish. FSHR expression was closely associated with vitellogenesis 
because its expression level went up significantly at the recruitment of the follicles from 
the primary growth stage but fell at the full-grown or post-vitellogenic stage. In contrast, 
the expression of L H R became evident much later than that of FSHR, and it reached its 
peak level at the full-grown stage, strongly implicating it in the induction of oocyte 
maturation and/or ovulation. These profiles are comparable to those reported in the 
tilapia (also a repetitive spawner) (157), amago salmon (annual spawner) (158) and 
chicken (159, 160). Although we are still lacking the information about the profiles of 
FSH and L H as well as their receptor binding specificity in the zebrafish, the results from 
the present study on zfFSHR and zfLHR seem to support the concept proposed in the 
salmonids for the roles of FSH and L H during the ovarian cycle (10，142). What remains 
to be addressed in the future is how these two receptors are activated by the two 
gonadotropins in vivo and the specificity of the ligand-receptor interaction. Our 
laboratory has recently cloned all the subimits of zebrafish FSH and LH, and the work on 
the production of recombinant zebrafish FSH and L H is now underway, which will allow 
for studies on receptor specificity, signaling mechanisms of each receptor and the effects or 
interactive effects of their activation or co-activation. These would surely provide 
important information on the physiological relevance of the two gonadotropins and their 
roles in zebrafish ovarian development and function. 
In summary, full-length cDNAs coding for zfFSHR and zfLHR have been cloned 
from the zebrafish ovary. Both zFHSR and zfLHR could be activated by the goldfish 
、 37 
pituitary extract. Because of the lack of native zebrafish gonadotropins, the ligand 
specificity of the two receptors was tested with hCG and bovine gonadotropins. Both 
hCG and bovine L H specifically stimulated zfLHR without any effect on zfFSHR. 
However, bovine FSH could activate both receptors. Zebrafish FSHR and L H R exhibited 
distinct patterns of expression at the ovary level during sexual maturation and at the follicle 
level in the sexually mature fish. The expression of zfFSHR was strongly associated with 
the recuitment and growth of the follicles whereas zfLHR was more likely involved in the 
final oocyte maturation and ovulation. These results strongly suggest that the two 
gonadotropins, FSH and LH, may play differential roles in controlling zebrafish ovarian 
and follicle development although this may not be reflected at the pituitary level because of 
the asynchronous nature of zebrafish follicle development in the ovary. 
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TCAAGACCTCACCTGAACAACAGCAGCTAACTCAGGACGTCCCGCGGCAGGCCTCAGGATGGTGTTGTCAATGATGCTGTGCTTTATTCT 9 0 
a v〜i/ s. .M"~IR~ik. C " ~ " F 1 1 
TGGCTGCTCCATGGCAAACACCGAAGACACACTTGCTGCATCTCAGTTCTGTGCTTTCAATGGATCCACTCGCTCTTTCGTCTGTCTGGG 180 
• C S I T " A . IN T E D T L A A S Q F C A F N G S T R S F V C L G 41 
CAACAAGGTGCTTGAGATACCAAGAAGAATACCCACAAATACCACGTTTGTGGAGATCAAACTGACTCAGATCAGCGTGTTTCGCCGAGC 270 
N K V L E I P R R I P T N T T F V E I K L T Q I S V F R R A 71 
AGCCCTGTCTGAACTACACGAGCTGAAGAGAATAGTGGTGTCCGAGAACGGGGCTCTCGAGCGAATCGAAGCCTTAGCCTTCTTCAACCT 360 
A L S E L H E L K R I V V S E N G A L E R I E A L A F F N L 101 
GACAGAACTGGAGGAAATAACTATTACAAAGTCCAAAAATCTTGTGATGCATAAAGATGCCTTCTGGAGACTTCCAAAGCTGCGATATCT 450 
T E L E E I T I T K S K N L V M H K D A F W R L P K L R Y L 131 
GACTATCTCAAATACTGGTCTTAAAATCCTGCCAGATTTCTCCAAGATCAACTCTGCTGCTCTTGAATTTCTATTTGATCTACAAGATAA 54 0 
T I S N T G L K I L P D F S K I N S A A L E F L F D L Q D N 161 
CATGCACATAGAGAGGATTCCCAGTAATGCTTTCCTCGGATTGACCAACGCCACCATAACTGAGCTGAGATTAACGAAGAACGGGATTCG 630 
M H I E R I P S N A F L G L T N A T I T E L R L T K N G I R 191 
TGAGATAGACAGCCATGCATTCAATGGTACCAAAATTGGAAAACTCTTTCTCATGGGAAACCAGCAGCTGAATCACATCCACAGTTACGC 720 
E I D S H A F N G T K I G K L F L M G N Q Q L N H I H S Y A 221 
CTTTAAAGGAGCCGAAGGCCCCGTCGTTCTGGATATCTCCAGAACTGCTGTTCACACTCTGCCGGAAAGCATGCTGAAGACTCTTAAGCT 810 
F K G A E G P V V L D I S R T A V H T L P E S M L K T L K L 251 
TCTGATGGCCGTTTCAGTCTACTCTCTGAGGAAGCTTCCCAGCCTGGAGCTGTTTACTGAGCTCACGCAGGCTAACCTGACCTACCCCAG 900 
L M A V S V Y S L R K L P S L E L F T E L T Q A N L T Y P S 281 
CCACTGCTGCGCCTTCAAAAACTTCAAGAAGCACAAGTCTGTGAAGAATCAAATGTGCAACGTGACTGGAGCTCACGAGGAACCTGATTT 990 
H C C A F K N F K K H K S V K N Q M C N V T G A H E E P D F 311 
TTTCAATTTTTTCAACGACCACTGTAAGGACGTAATAGAAGTGACCTGCTACCCCACCCCAGACGCATTCAACCCTTGCGAGGACATCAT 1080 
F N F F N D H C K D V I E V T C Y P T P D A F N P C E D I M 341 
GGGCTTCACATTCCTGCGTGTTCTGATCTGGTTCATCAGCGTACTAGCCATAGTAGGCAATACCGTGGTCCTTCTGGTGCTCCTCACCAG 1170 
G F T F L R V L I W F I S V L A I V G N T V V L L V L L T S 371 
CCGCTACAAACTTACCGTTCCCAGGTTTCTAATGTGCCACTTGGCTTTCGCCGACCTTTGCATGGGAATCTACCTGTTGCTCATCGCTGC 1260 
R Y K L T V P R F L M C H L A F A D L C M G I Y L L L I A A 401 
AGTAGACATTCACACACAGTCGCGCTACTATAACTATGGCATTGACTGGCAAACAGGAGCAGGCTGCCATGTGGCAGGATTCTTCACCGT 1350 
V D I H T Q S R Y Y N Y G I D W Q T G A G C H V A G F F T V 431 
CTTCTCAAGCGAGCTCTCCGTCTATACTCTGACCGCCATTACCCTGGAGCGCTGGCACACCATCACTTATGCCATGCAGCTCGAGCGCCA 1440 
F S S E L S V Y T L T A I T L E R W H T I T Y A M Q L E R Q 461 
AATGCGTCTACGCCATGCTTGCCTAGTGATGGCAACAGGCTGGCTTTTCTCCCTTCTCGCTGCTTTGATGCCCATGTTTGGAGTGAGCAG 1530 
M R L R H A C L V M A T G W L F S L L A A L M P M F G V S S 491 
CTACAGCAAGACCAGCATCTGCCTGCCAATGGATGTAGAAACGTTGCTTTCACAAGGTTATGTGGTGCTGTTGCTTCTACTCAACGCTGC 1620 
Y S K T S I C L P M D V E T L L S Q G Y V V L L L L L N A A 521 
TGCTTTTTTGGTTGTGTGCGTTTGCTACACACTCATCTACTTGACCGTCCGTAATCCCGCTTTTGTTCCTGCCAATGCAGACATGCGTAT 1710 
A F L V V C V C Y T L I Y L T V R N P A F V P A N A D M R I 551 
CGCCAAGCGCATGGCAGTGCTCATCTTCACCGACTTCTTGTGCATGGCGCCCATCTCATTTTTCGCCATTTCTGCAGCATTTAAACTACC 1800 
A K R M A V L I F T D F L C M A P I S F F A I S A A F K L P 581 
ACTGATAACCGCTTCACACGCCAAAGTTCTACTGGTGTTATTTTACCCCATCAATTCCTGCTCAAACCCATTCCTCTATGCCTTCTTCAC 1890 
L I T A S H A K V L L V L F Y P I N S C S N P F L Y A F F T 611 
TAAAACCTTCAAAAGGGATTTTTTCATTCTGACTAGCCGATTTGGATGCTTTAAAAGGCGTGCGCATATCTACTGCACTGAGATTTCTTC 1980 
K T F K R D F F I L T S R F G C F K R R A H I Y C T E I S S 641 
TGGCCAAAATGGAGCTGTGGTGCCTTCACCGAAGACTAGTGATGGGACGCTGTACTCCCTGGTGCACATCGCCCAAGTGCACTGACATCT 2070 







Fig. 2-1. D N A and deduced amino acid sequences of zebrafish FSHR (GenBank Accession 
No.: AY424301). The shaded sequence is the predicted 16-amino acid signal peptide. The 
potential polyadenylation signals (AUAAA) are underlined. 
、 39 
|LRR 1| 
zfFSHR 1 ： MVLSMMLCFILGCSMANTEDTIIAASQF C, ^ FNGSTRSFVC J G N K V L E I P R R I P T N T T F V E I K L T Q I S V F R R A A L S E L H E L K 
CCFSHR 1: . -MCFI .SW- . - -M. HAGNMC . GSYA- . jA . . T. . . . I . . . S . . HQM. YH. .K. . . Y R. IMLPSR. M. S . .D.. 
AcFSHR 1: . - .RYI.SW- . --V. HTGNMF . GSYA- . •AS.T I ...S. .HQM.HH. .I...Y II.PYR.M.S. .D.. 
SFSHR 1 : . MKMKKIMKM . L . VLGCVSMSQ. EVAI^J/NS . T . FTYI^J^ . . TITHM. TH . . K . . . DL . F . Q . H . R . • PQE . FTN .QQ .T 
* * * * * * * * * * * * * * * * * * * 
|LRR 2| |LRR 3| |LRR 4| |LRR 5| 
ZFFSHR 81: RIWSENGALERIEALAFFNLTELEEITITKSKNLV-MHKDAFWRLPKLRYLTISNTGLKILPDFSKINSAALEFLFDLQ 
CCFSHR 81: . .L V.Q....Y..A...K C.DRHT. .G TV VQ ... F E 
AcFSHR 81: . .M Q. . . . Y. .A. . . I S . DR. T . . G TV VQ...F E 
sFSHR 81:A. .LT. . .M. .S.G.F. .A. .PR.T H. . II • HQ. . IG ….SH …C .…RV. • N. . R . H... MT . . L... 
* * * * * • * * • • * * ******** * * * * * * * * * * * * * * * * * * * * * * * * * 
|LRR 6| |LRR 7丨 |LRR 8丨 
ZfFSHR 161: DNMHIERIPSNAFLGLTNATITELRLTKNGIREIDSHAFNGTKIGKLFLMGNQQLNHIHSYAFKGAEGPWLDISRTAVH 
CCFSHR 161: V A...SG T.V.RN E KR. . N. . . L L IS 
AcFSHR 161: V. H . . . . A. . . SG T.VERN ME KR.DNH. .L L IS 
sFSHR 161: . .V. .VI TN. .D S.VE H. .Y.…L. . S . M. NNS GF LS 
** ** * **** *** ** * * * * * * * * * * ****** ** •*** ** * ***** * * * * * * * 
|LRR 9| _ 门 
zfFSHR 241:TLPESMLKTLKLLMAVSVYSLRKLPSLELFTELTQANLTYPSH:CaFKNFKKHKSVKNQMCNVTGAHEEPDFFNFFNDH： 
CCFSHR 241:S...N..RR....I.T W. .N. .1 N. . E. . RL. . DSTIRNQ-EPY- . . EE .. 
AcFSHR 241 :S. . .N. .RR. . . .I.T W. .N. . I . A N. LE . . HL. . . STIRNQ-EPY- . . EE .. 
sFSHR 241:S. . . . V. GEVEH . S . . . .F. . .T. .P.S. . .K.R . HKHQRNRTFR-MT-SACFKPGAQNNLH . .M.fL 
* * * * * * * * *** * * * * * * * * * * * * * * * * * * * * * 
ZfFSHR 321: KDVIEVT ：：• fPTPDAFNPC ::nTMr;PTPT.T?^tiayif^_^|j||^、<1ppp禪iSRYKLTVPRFLMCHIAFAD.LCMG.lY.LL.LI 
CCFSHR 321: R. .E VL. . FT . . . ." . S . . T K F . . • L …I. 
AcFSHR 321: S . .E VL . .FT S.HT K F...L...I. 
sFSHR 321: LNWTS .A SAP I LL...I G. .A.M S W . 
* * * * * * * * * * * * * * * ****** ***** ** ****** * * *** ****** *** * * • ** * 
ZfFSHR 401:紐卿HTQSRYYNYGIDWQTGAGC__;;^V_F』S-SELS.__|_RWHTITYAMQLERQMRLRHjAg^y]y|A^顆陋躲 
CCFSHR 401 :GS . . LQ . R. H E. . . .V. .GT". . .L. . .A. . . .7.7 ".T^ 'T R. . . . L. . H . . . S . . . F V 
AcFSHR 401: .S. .LL H..E....P..GT...L…A R. . . E . . . H . . . C . . . F . . V. . V 
sFSHR 401: .T. . VR. RGL. . .HA.S DI A. . . .MF Y. . . . H. LR. D . KL A A. .C 
** * *** * * * * * • * *** *** **** * * * * * * * * * **** * * * * * *** *** ** ** 
ZfFSHR 481:lAALMPMFGVSSYSKTSICIjPMDVETLLSOGYVjpligl醉械颂P^@i^TVRNPAFVPANADMRIAKR喊 
CCFSHR 4 81: ... .T. VI M AS. .A.IM. . .iT^VL. . VT . . A. . VR. . ?. . . H . . S . . DS . . A. V V 
AcFSHR 481: VI M VS . . V " M... F " VL …A. . S . . VR • . I... H . . S . . DS . . A. M V 
sFSHR 4 81: . . . .L.TV V S . P . . VF . MF W . . .C LS …S . . .SSSP. .S.ETCM.Q. . .1.. 
**** * * * * * * * * * * * * * * * * ** ** ir* * * * * * * * * * * * * * *** * 
ZfFSHR 561:_fe;^CMA:g:i^SFFAli|^KIiPLITASH^giPliViiFWlMCSNpiFf^>:"A'gjTKTFKRDFFILTSRFGCFKRRAHIYCTE-
CCFSHR 561: ... . . L.Q. ...V . .S. .Q. . .V ES. .RV.R. 
AcFSHR 561: LRQ. ...V A I.. . S . RQE . . V ES. .RV.RI.-
SFSHR 561: L...L V.DS.L A GLC.R. .R. . . . L. AA. Y. L. TTK. QV. R. .S 
* * * * * * * * * * * * * * “ • **** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
zfFSHR 641: ISSGQNGAWPSPKTSDGTLYSLVHIAQVH 
CCFSHR 641 :T. .LH. . PRMR. . .N G.V.HP. 
AcFSHR 641 :T. . LH . . PMMR . .MS G.VTHP. 
sFSHR 641rF.VQ.AAWIQM...A.H...C  
* * * * * * * 
Fig. 2-2. Comparison of the deduced amino acid sequence of zebrafish FSHR (zfFSHR) 
with that of channel catfish (ccFSHR) (Kumar et al., 2001; reference no. 63), African catfish 
(AcFSHR) (Bogerd et al.’ 2001; reference no. 65) and amago salmon (sFSHR) (Oba et al, 
1999; reference no. 62). Conserved cysteine residues are boxed and the transmembrane 
domains are highlighted. L R R corresponds to leucine-rich repeats. Dots (.) and asterisks (*) 





W W R g~ir"L L . L. y. .F L .Ji L, is 
TGGAGTGTGTTTCGAGTGTCCGGAGATCTGCAGATGTTCCCAGAAGAGCATCACCTGTAACAGCGCGACGGGGAGCCAGAAGAGCCTCAG 360 
B^VJ|[CJ|F E C P E I C R C S Q K S I T C N S A T G S Q K S L S 48 
CAGACTAGTTTTGAACTACATCTCAGTGAAGACCATCAGCAGCCGGAGTTTCGACGGCCTGAAAGGAGTAAGAAGAATAGAAATCGCCCA 450 
R L V L N Y I S V K T I S S R S F D G L K G V R R I E I A Q 78 
GAGCTCCTCAGTGGAAACCATCGAGTCTGAAGCCTTCAATAACCTGCCGAACGTCTCCGAGATCTCAATCCAGAACACGCGGAACCTGGT 540 
S S S V E T I E S E A F N N L P N V S E I S I Q N T R N L V 108 
TCACATCCAGCAGCGGGCCTTCAACCAGCTGCCCAAACTCAGATACCTGAGCATCTCCAACACTGGCATTAGTGTTTTTCCTGACCTGAC 630 
H I Q Q R A F N Q L P K L R Y L S I S N T G I S V F P D L T 138 
CTCCATCTTCTCCCTGGAGGCTCATTTCATACTGGATATTTGTGATAACCTGAATCTGCGCTCAGTACCATCCAATGCTTTCACCGGGAT 720 
S I F S L E A H F I L D I C D N L N L R S V P S N A F T G M 168 
GACGAGTGAATACGCCACAATGAATCTCTTTAACAATGGATTTCAAGAAATAGAGAGCCATGCCTTCAATGGAACAAAAATAGACAAACT 810 
T S E Y A T M N L F N N G F Q E I E S H A F N G T K I D K L 198 
AGTGTTGAAGAACAGCCGAGACCTGCGTGTCGTCCATGAGGATGCTTTTAAAGGAGCTTTAGGCCCGACTGTGCTGGATGTCTCCTCCAC 900 
V L K N S R D L R V V H E D A F K G A L G P T V L D V S S T 228 
GGCGCTGGAGACACTGCCCTCACATGGCCTGGAGTCAGTGCTGATGCTGACAGCCCGCTCAGCGTTCGCCCTGAAGAAACTCCCTCCACT 990 
A L E T L P S H G L E S V L M L T A R S A F A L K K L P P L 258 
GAAGAGCCTGAAGAGCCTGAGAGAAGCACAGCTCACCTTTCCTAGTCACTGCTGCGCTCTGATCAACTGGGACAACAGCAGGGACGGTTC 1080 
K S L K S L R E A Q L T F P S H C C A L I N W D N S R D G S 288 
TGTCAACTCGGCTTTAAGAAACAGATCGTCATACTGTGGGGACAACAGTTCACCGGCTGACCTGTCTGCAATCTCCTCAGATGATTCTCT 1170 
V N S A L R N R S S Y C G D N S S P A D L S A I S S D D S L 318 
TGAGTCAGATGTCATTGGATCGTCATCCGTCGAGGACACTTTCGGTAGCATCGACTTCCACTATCCAGACCTGGATTTATGCCAACAGCG 1260 
E S D V I G S S S V E D T F G S I D F H Y P D L D L C Q Q R 348 
CCAAGCACTTCAGTGCAGCCCCGAAGCCGACGCATTCAACCCCTGCGAGGACATCGCTGGATTCAGCTTCCTGCGGGTCGCCATCTGGTT 1350 
Q A L Q C S P E A D A F N P C E D I A G F S F L R V A I W F 378 
CATCAATATCCTGGCCATCGCCGGAAACCTGGTCGTCCTGCTGGTTTTATTCACTAGCCGCTGCAAATTAACCGTTCCCAGATTTCTAAT 1440 
I N I L A I A G N L V V L L V L F T S R C K L T V P R F L M 408 
GTGCCATCTAGCCTTCGCCGACCTGTGCATTGGCATCTACCTGCTCATGATCGCAACCGTTGACCTGCGAACACGTGGACACTACAGTCA 1530 
C H L A F A D L C I G I Y L L M I A T V D L R T R G H Y S H 438 
TCATGCAATCGAGTGGCAGACCGGAGCAGGATGCGACATCGCAGGGTTTCTATCTGTATTCGGTGGCGAATTATCCATCTATACTCTGTC 1620 
H A I E W Q T G A G C D I A G F L S V F G G E L S I Y T L S 468 
CACCATTACAGTGGAGCGCTGGCACACAATCACTCACGCTCTCCGACTGGAAAGACGACTGGGATTAAGCCAAGCATCGCTAATTATGAC 1710 
T I T V E R W H T I T H A L R L E R R L G L S Q A S L I M T 498 
CATCGGATGGCTGCTTTGTTTAGCGATGGCACTCCTTCCCTTAATAGGCGTCAGCAGCTACAGTAAAGTCAGCATGTGTTTGCCGATGGA 1800 
I G W L L C L A M A L L P L I G V S S Y S K V S M C L P M D 528 
CATCGAAACGCCTTTATCGCAAGCTTACGTTATACTCCTGTTGCTCTTTAACGTTGGTGCATTTCTCGTGATTTGCGGATGCTATGTGTG 1890 
l E T P L S Q A Y V I L L L L F N V G A F L V I C G C Y V C 558 
CATTTACAGTGCAGTACGTAATCCTGAATTCCCAGGACGCGCCGCTGACGCTAAAATCGCAAAGCGAATGGCGGTTTTGATATTTACCGA 1980 
l Y S A V R N P E F P G R A A D A K I A K R M A V L I F T D 588 
CTTTCTGTGCATGGCGCCTATTTCGTTTTTCGCTATTTCTGCAGCCTTTAAAGTGCCTTTGATCACCGTGACCAACTCCAAAATACTGCT 2070 
F L C M A P I S F F A I S A A F K V P L I T V T N S K I L L 618 
CGTGCTTTTCTACCCTATTAATTCCTGCGCCAATCCATTCCTCTACGCCATCTTCACCAGAGCCTTCAGGAAAGACGCTTGTATTCTCCT 2160 
V L F Y P I N S C A N P F L Y A I F T R A F R K D A C I L L 648 
GAGCTCCATGGGCTGCTGTCAAAGCAAAGCTAACTTGTACCGGATGAAGACGTACTGCTCGGAGAACATCAACCGAAGCAAAAGCAGCTC 2250 
S S M G C C Q S K A N L Y R M K T Y C S E N I N R S K S S S 678 
CGGCTCCAATGCGAACTCGAAAGGGCCTCGAGCCGTCATGTGGATGTCAAGCTTTCCTCAGTTAACACCTCGACCGCACATACAGAGAGT 2340 









Fig. 2-3. D N A and deduced amino acid sequences of zebrafish L H R (GenBank Accession 
No.: AY424302). The shaded sequence is the predicted 21-amino acid signal peptide. The 
potential polyadenylation signals (AUUAAA) are underlined. 
、 41 
n n |LRR i| 
zfLHR 1:MW-R-SAL-LLVFLLLTSF-C-CGVCFE2 'EICRCSQKSIT：!fSAT GSQKS--LSRLVLNYISVKTISSRSFDGLK 
AcLHR 1: . - - . -TS . -FILIVMMCQ-- .D. -LR.V. .V. . . . I .T.S . . . .E--AAA. .RQQV HLR. . P . F  
SLHR 1: . SISLLF . FYPSV. . FFG . G . RYASS . V . G ANT.R. NF . E--KSVPT . ERGP . . I. KHLNMS . .A.HT. . . .R 
CCLHR 1: . -VSRCSVAA. LLAWMRLS--R. GA. TfJ P. . S . T A D T L s [ j A Q . ERRTRVPS . TTSTN. R. AHLPL. EVQ . GT . R. . I 
* * * * * * * * * * * * * * 
|LRR 2| |LRR 3| |LRR 4丨 
zfLHR 81 :GVRRIEIAQSSSVETIESEAFNNLPNVSEISIQNTRNLVHIQQRAFNQLPKLRYLSISNTGISVFPDLTSIFSLEA---H 
AcLHR 81: . .K VTL. ...TQ L.L S H R V G. . . .---D 
SLHR 81: R. QH ... G • . VAL ….TL LDLN ..F.K.I.S....AR.T..N T....M...H …PWNQN 
CCLHR 81:N.S....S. .D. IRK. KG. . .LSIH. .1. . . . L. IIH. SAMEKG. . TD . . R C. . . .RH. . .FSR.S. .GL--E-
* * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * 
|LRR 5| |LRR 6| |LRR 7丨 |LRR 8| 
zfLHR 161: FILDICDNIiNLRSVPSNAFTGMTSEYATMNLFNNGFQEIESHAFNGTKIDKLVLKNSRDLRWHEDAFKGALGPTVLDVS 
AcLHR 161: H.Q.I.P T.DT. ...Y K. .HKY T. . .N.K.QII .K. . .M. .H. .A  
sLHR 161: .V Y.L.I.V...V...T..TA IR. .QDY N N. N. . . I. RE V. .RI.… 
CCLHR 161: . F . . MG . .IQ.NNI.A. . .Q.ISKADMY. . . VR. . . TQ RLE. . IM. DNWH. IKI. D . ..E..E...L.... 
* * * * * * -k *** * * * * * * * * * * * * * * * * * * * * * * * * 
|LRR 9| _ 
ZfLHR 241: STALETLPSHGLESVLMLTARSAFALKKLPPLKSLKSLREAQLTFPSHZC. ^ INWDNSRDGSVNSALRNRS- -SYCGDNS 
AcLHR 241: PQ..Q V L..R N..E H..Y LS..TN.ES.-S..Q..G.--.. . -EHQ 
SLHR 241: ...I N . . VE . V. . T . YG. . R. . . FRD . GN. QK. H . .YN LT. . TH. . SPI. E . QH . G . RPT . .D.SP 
CCLHR 241: ... .KS. .TR. .RG.KV.I. . .TPS. . T ... . DN. AE . Q. . D. . Y. . . [ FHT. --K. -NNRET. VFD--R--F  
* * * * * * * * * * * * * *** * * * * * * * * * * * * * 
zfLHR 321: S-PADLSAISSDDSLESDVIGSSSVEDTFGSIDFHYPDL-DLrQQRQALQZSPEADAFNPilSDIAGFSFLRVj^IV^F.P^rCj 
AcLHR 321: . -AL. -KDSKKEA. Y- . . LLDQL . - . AS . . NV. . E ..——.F. IKP G  
sLHR 321: . DKFPAGMVD . S . TSLLVE . HGTNEDESY . GV. .Q. . E . WLN . T . PT. . .' ^   
CcLHR 321 :KN LTMLCNMDDQANNMDP . GD . LND- . N -E . yiSSSSFKlj'. .P [ J .LL.HT. . .AIT.IVTVF 
•k -k-k * * * * * * * * * * * * * * * * * 
ZfLHR 401:猶jjRCKLTVPRi^^^^^^^gfTOMXf^LRTRGHYSHHAIEWQTGAGCDIAOFLSyFGGEL 
AcLHR 401: T A :‘ F...V I Y. .Q V. .N  
sLHR 401: . .1. . .T. . .IF F...V A...H E...D SA  
CCLHR 4 01: .LV. . .A LL.HQ. .S.S N M. F ... L. . VA. Y. S . QE • YN. . TD M . . GV... . T . • AS .. 
* * * * *** * ** * * * * * * ***** * * * * * * * * * * * * * * * * * * * * * • * * * * 
ZfLHR 481:_.I_STITVERWHTITHALRLERRLGLSQ?C§riW"^^^^®iiaSVsSYSKVSMCLPMDIETPLSQA__ 
AcLHR 481: I...Y MQ T.P. .AA. .AA. . . . . .G. V.I A  
SLHR 481: .V L Q. .K A. .AG. .AG. . .1. .G. .M...V R VK. . .A. .FIL... 
CCLHR 481: TM. .L MQMS . . .R.RHMVTM.A. . .GFSFVI W I V..G. .VAV. 
* *** ** *** * * * * * * * * * * * * * * * * * • * * * * * * * * * * * * 
ZfLHR 561:|i__;t^yiCGCYy德SAVRNE>EFPGRAADAKIAKR@pi;3^im^|Pf§W_liFKVPLITVTNSKIL_g；文 
AcLHR 561: R. .W.HH. .V  
sLHR 561: V.V...L..L Q. .S.S L F 
CCLHR 561: VI. .A. . .MV.SS.AG. . LS . . . . NV. T. HGHTRM LHM. . . S . SQ I... 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *** * * * * * * * * 
ZfLHR 641:；罗麵:^^"SSH?l"r?S^Jg0gRKDACILLSSMGCCQSKANLYRMKTYCSENINRSKSSSGSNANSKGPRAVMWMSSFPQLTP 
AcLHR 641:....- K T E....M -T-A. IT. - . SV-. . P . HTA. .L. .Y.HQKC 
sLHR 641: ... .- K VYL. . .NI. . .EN. . .M. ...A L--V N- -KGTLICTTLR. DPL. LQSQ 
CCLHR 641: . . . .L. - T R.M.L...RC …HAQ. EF . . SQGLLGFTLAPR. KRVRKPHSKNFRAYHVKLQGCIFNKA 
**** * * * * * * * * * * * * * * * * *** * ** * 
ZfLHR 721:RPHIQRV  
AcLHR 721:QLQ.EGLQKDCCREHNTF 
sLHR 721:QTK-DDGDLGTI  
CCLHR 721:AT  
Fig. 2-4. Comparison of the deduced amino acid sequence of zebrafish L H R (zfLHR) with 
that of channel catfish (ccLHR) (Kumar et al.’ 2001; reference number 64), African catfish 
(AcLHR) (Vischer and Bogerd, 2003; reference number 66) and amago salmon (sLHR) 
(Oba et al” 1999; reference number 61). Conserved cysteine residues are boxed and the 
transmembrane domains are highlighted. L R R corresponds to leucine-rich repeats. Dots (.) 
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Fig. 2-5. Hydropathy analysis of zebrafish FSHR and LHR. In both proteins, the long 
N-terminal extracellular regions are preceded by hydrophobic signal peptides. Seven 
hydrophobic transmembrane domains are exhibited in both receptors. 
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Fig. 2-6. Functional test of zfFSHR and zfLHR in two cell-line systems: (A) CHO-Kl 
cells, (B) COS-1 cells. Cells were transiently co-transfected with pCRE-SEAP (reporter 
plasmid) and either zfFSHR, zfLHR, or a control C M V vector. SEAP activities were 
assayed after drug treatment (goldfish pituitary extract or hCG) for 18 h. Each data point 
represents the mean 士 S.E.M. of three replicate of treatments. ** P < 0.001 w . untreated 
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Fig. 2-7. Functional test of CHO-zfFSHR and CHO-zfLHR cell lines. SEAP activities 
were assayed after drug treatment for 18 h. (A) CHO-zfFSHR cells and (B) CHO-zfLHR 
cells were treated with goldfish pituitary extract Og/ml) or hCG (lU/ml). Each data point 
represents the mean 士 S.E.M. of three replicate of treatments. *P < 0.05，** P < 0.001 V5. 
untreated cells. 
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Fig. 2-8. Functional test of CHO-zfFSHR and CHO-zfLHR cell lines. SEAP activities 
were assayed after drug treatment for 18 h. (A) CHO-zfFSHR cells and (B) CHO-zfLHR 
cells were treated with bovine FSH (|ag/ml) or L H (|Lig/ml). Each data represents the 
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Fig. 2-9. Validation of the semi-quantitative RT-PCR assay for zebrafish FSHR, L H R and 
G A P D H using the RT product from the whole ovary. Left panel'. Kinetics of PCR 
amplification with the electrophoretic image shown at the bottom. The cycle number 
(31x for FSHR; 32x for LHR; 23x for G A P D H ) that generates half maximal reaction was 
used to analyze the expression level of the gene. Right panel: PCR amplification of 
cloned c D N A using the cycle number obtained from the left panel. Each value represents 
the mean 士 S.E.M. of three PCR reactions. 
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Fig. 2-10. RT-PCR analysis of zebrafish (A) FSHR and (B) L H R expression in the ovary 
during sexual maturation. Nine to 15 zebrafish ovaries were sampled at each time point 
at 3-day intervals. The expression levels are normalized by G A P D H and expressed as the 
percentage of Day 12. After histological sectioning of the ovary from each fish (refer to 
Fig. 2-11), the data were re-analyzed to illustrate the expression patterns of (C) FSHR and 
(D) L H R at different stages of ovarian development. Each value represents the mean 士 
S.E.M. of independent RT-PCR reactions. *P < 0.05 V5. Day 0; ** P < 0.001 Day 0. 




A: Primary growth (PG) stage (largest follicle 
size -0.15 mm): All the follicles in the ovary were 
very small in size. There was no sign of 
^ n d M ^ appearance of cortical alveoli. 
aooum 
^ ^ ^ ^ ^ ^ B: Pre-vitellogenic (PV) stage (largest follicle 
size 〜0.25 mm): First cohort of follicle started to 
grow. Cortical alveoli (arrowed) appeared in the 
recruited oocytes, which were much bigger in size. 
20Qutn 
Early-vitellogenic (EV) stage (largest follicle 
size 〜0.35 mm): Egg yolk started to accumulate in 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ the oocyte which denotes the start of vitellogenesis. 
The yolk granules were stained in red colour under 
^ Hematoxylin-Eosin (HE) staining. 
PD: Mid-vitellogenic (MV) stage (largest follicle size -0.45 mm): The follicles grew rapidly in size. At the same time, the yolk accumulated at the centre of the follicle, and the proportion of yolk and cortical vesicle is about the same. 
E E: Full-grown (FG) stage (largest follicle size 〜 
0.65 mm): The whole oocyte was occupied by yolk 
^ S S S ^ ^ S granules. The first cohort of follicles grew to its 
maximum size. The fish became sexually mature 
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Fig. 2-11. Histological sections of zebrafish ovaries at different stages. 
、 49 
A 250] F S H R 
_ 
PG PV EV MV FG 
Follicle Stage 
BB^S^^^BS McSn 
B 900] L H R ** 
800- pXL. 
O 700-
^ S 600： 
<容 







100- r — 1 
. ；：纖丨丨；丨 • 
oJ jmm 隱 _ …….. 
PG PV EV MV FG 
Follicle Stage 
I PG I PV~~Il EV II MV II FG I 
^ctin 
Fig. 2-12. RT-PCR analysis of zebrafish (A) FSHR and (B) L H R expression in ovarian 
follicles. PG, primary growth follicles; PV, pre-vitellogenic follicles; EV, early 
vitellogenic follicles; M V , mid-vitellogenic follicles; F Q full-grown but immature follicles. 
The expression levels are normalized by p-actin and expressed as the percentage of PG. 
Each value represents the mean 士 S.E.M. of independent RT-PCR reactions of three to four 
replicates. ** P < 0.001 V5. PG. 
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Chapter 3 
Down-regulation of FSHR and LHR Expression in the Zebrafish Follicle Cells by 
Gonadotropin (hCG) and Its Signaling Mechanism 
3.1 Introduction 
The pituitary gonadotropins, follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH), are heterodimeric glycoprotein hormones which share a common a-subunit 
and a distinct P-subunit (5, 135). Their crucial roles in the regulation of vertebrate 
ovarian functions including folliculogenesis, steroidogenesis, oocyte maturation and 
ovulation are well documented in mammals (42，118，136，137). FSH and L H act by 
binding to their corresponding receptors, namely FSH receptor (FSHR) and L H receptor 
(LHR), to exert their effects in the vertebrate ovary. In the mammalian ovary, FSHR is 
expressed only in the granulosa cells, whereas L H R expression is first confined in the 
theca cells of developing follicles, but later in the granulosa cells of preovulatory follicles 
as well (2，4，42). In comparison with the studies in mammals, very limited studies have 
been performed on the localization of G T H R in the ovary of teleosts. Studies in the coho 
salmon demonstrated the expression of FSHR (formerly termed GTH-RI) in both 
granulosa cells and theca cells, whereas L H R (formerly termed GTH-RII) expression was 
only detected in the granulosa cells of preovulatory follicles (59, 60). 
FSH and L H act through their respective receptors to exert their effects in the ovary; 
however, these receptors (FSHR and LHR) are also subject to the regulation by their 
ligands. FSH has been demonstrated to regulate its own receptor during the course of 
follicular growth in mammals, but the results have been rather controversial. Several in 
vivo studies in rats and in vitro studies with rat or porcine granulosa cells showed that FSH 
increased F S H R m R N A expression (38, 94-96). Yet in vitro down-regulation of FSHR 
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m R N A after FSH treatment has also been reported in rat granulosa cells (97). Other 
ovarian growth factors, such as activin and TGF-p, are potent inducers of FSHR expression, 
and these factors can synergize the induction of FSHR by FSH (98，99). FSH alone can 
induce the expression of L H R during the growth of follicles (101) or in cultured rat 
granulosa cells (102), and several paracrine growth factors, such as activin, IGF-I and 
TGF-P，can further synergize the stimulatory effect in time and dose-dependent manners 
(103-105). 
In mammals, L H is believed to be involved in induction of ovulation and 
luteinization. Regulation of G T H receptors by LH/hCG is often closely associated with 
these events. Treatment of mice (100) and rats (38，94) with hCG in vivo caused a 
down-regulation of F S H R number and transcript during hCG-induced ovulation. 
Exposure of ovarian follicle cells to high concentrations of h C G or L H also 
down-regulated L H R m R N A level in the rat ovary (106，107). These lines of evidence 
suggest that F S H R and L H R exhibit dynamic and differential expression profiles during 
the ovulatory cycle, and their ligands FSH and L H play important roles in regulating their 
expression which fluctuates with respect to different stages of the follicles. In fish, F S H R 
and L H R have been cloned in several model species (63-66，145); however, very little 
information is known about the regulation of these receptors by their own ligands. 
It has been known for long time in both mammals and fish that binding of FSH or L H 
to their receptors activates a G-protein-coupled adenylate cyclase, which in turn leads to 
increased levels of intracellular c A M P (42, 50, 61, 62). The increase of intracellular 
c A M P in the granulosa and theca cells further activates protein kinase A (PKA) that then 
induces target gene transcription through phosphorylation of downstream proteins, 
enzymes and transcriptional activators (42, 87). Apart from the well-established 
cAMP-PKA-CREB (cAMP response element binding protein) signaling pathway, recent 
studies indicate that gonadotropin signaling may involve multiple PKA-independent 
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signaling pathways, involving protein kinase B (PKB), protein kinase C (PKC), M A P K 
(mitogen activated protein kinase), calcium, calmodulin and arachidonic acid (83, 87，89， 
91-93，161-163). 
Using zebrafish as a model, our laboratory has demonstrated the expression and 
regulation of several ovarian growth factors such as activin or steroidogenic enzymes by 
h C G in the fish ovary. Activin is a paracrine growth factor and both of its subunits, 
activin pA and pB, and its type IIA receptor (ActRIIA) are expressed in the zebrafish ovary 
(123, 124, 156). Activin pA and ActRIIA expression increased while activin pB 
expression decreased in response to gonadotropin (hCG) treatment in cultured zebrafish 
ovarian follicle cells (85, 124). Interestingly, a strong desensitization of activin pA and 
ActRIIA response to h C G was observed after longer treatment (4 to 8 h). A similar 
desensitization phenomenon was also demonstrated in hCG stimulation of follistatin (an 
activin-binding protein) and PACAP (pituitary adenylate cyclase-activating polypeptide) in 
the zebrafish ovarian follicle cells (128，132). The transient response of these genes 
towards prolonged treatment of hCG conforms to the phenomenon of 
gonadotropin-induced desensitization reported in mammals and fish (164-166). This 
phenomenon of desensitization has been suggested to occur as a consequence of regulatory 
events at the G T H R level, including receptor uncoupling from the proximal effector system 
(108，167，168)，and aggregation and internalization of the hormone-receptor complexes 
from the cell surface (115, 169，170). Despite these hypotheses, the molecular and 
biochemical mechanisms of GTH-induced desensitization are still rather poorly 
understood. 
Our laboratory has developed a novel primary culture system for zebrafish ovarian 
follicle cells, and we have demonstrated desensitization of a variety of ovarian genes to 
long-term treatment with h C G in the cultured follicle cells. With zebrafish FSHR and 
L H R cloned, this in vitro follicle culture provides an excellent model system for 
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investigating the phenomenon of desensitization and the underlying mechanisms. The 
present study was undertaken to investigate the effects of gonadotropin (hCG) on the 
expression of both FSHR and LHR, and to explore a possible role of receptor 
down-regulation at the transcription level in the hCG-induced follicle cell desensitization. 
Experiments were also performed to assess the potential intracellular mechanisms involved 
in the event. This represents the first study of this kind in fish, and would surely 
contribute to our understanding of the regulation of G T H receptors in teleosts, which little 
information is known about. 
3.2 Materials and Methods 
3.2.1 Animals 
Zebrafish, Danio rerio’ were purchased from local pet stores and maintained without 
separation of males and females in flow-through aquaria (36L) at 25°C on a 14-h light: 10-h 
dark photoperiod. The fish were fed twice a day with commercial tropical fish food with 
a supplement of live brine shrimp once or twice a week. All experiments were performed 
under licence from the Government of the Hong Kong SAR and endorsed by the Animal 
Experimentation Ethics Committee of the Chinese University of Hong Kong. 
3.2.2 Chemicals and hormones 
All chemicals were obtained from Sigma (St. Louis, M O ) unless otherwise stated. 
Human C G (hCG) and forskolin were purchased from Sigma, and dibutyryl-cAMP 
(db-cAMP) and H89 from C A L B I O C H E M (La Jolla, CA). hCG and db-cAMP were first 
dissolved in water, whereas forskolin and H89 in dimethylsulfoxide (DMSO) to prepare 
stock solutions. They were diluted to the desired concentrations with the culture medium 
before use. 
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3.2.3 Primary follicle cell culture 
Primary culture of zebrafish ovarian follicle cells was performed according to our 
previous report (124). Briefly, about 20 female zebrafish were anaesthetized by 
immersion in ethyl 3-aminobenzoate methanesulfonate (MS-222) and decapitated. 
Ovaries were removed and placed in 60% medium Leibovitz's L-15 (Gibco-BRL). The 
follicles were carefully separated and washed with Medium 199 (Gibco, Gaithersburg, 
MD). The follicles were then cultured in Medium 199 supplemented with 10% fetal 
bovine serum at 28°C in 5% CO2 for 6 days for the follicle cells to proliferate. The 
proliferated follicle cells were trypsinizied and subcultured in 24-well plates for 24 h 
before treatment. 
3.2.4 Total RNA isolation 
The follicle cells were subjected to time-course or dose-dependent treatment of h C Q 
db-cAMP, forskolin or H89. After drug treatment, two hundred microliters of Tri Reagent 
(Molecular Research Center, Cincinnati, OH) were added to each well, and the plate was 
shaken for 20 min at 750 rpm on the Thermomixer Comfort (Eppendorf, Hamberg, 
Germany). The extract from each well was then transferred to a microtube containing 50 
chloroform. After vortexing on the Thermomixer for 3 min at 1,350 rpm and 
incubating at room temperature for 10 min, the samples were centrifuged at 14,000 rpm for 
20 min at 4°C. The aqueous phase from each sample was then transferred to a new 
microtube containing isopropanol, vortexed for 3 min, kept at -20°C for 30 min and 
centrifuged at 14,000 rpm for 40 min at 4°C. After washing with 75% DEPC-ethanol and 
brief air drying, the R N A pellet was dissolved in 4.1 [i\ DEPC-H2O and immediately 
subjected to reverse transcription (RT). 
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3.2.5 Validation of semi-quantitative RT-PCR assays for FSHR, LHR and GAPDH 
The expression level of FSHR and L H R were assayed by RT-PCR, with G A P D H as 
the housekeeping gene for normalization of data. The total R N A extracted were reverse 
transcribed into c D N A at 42°C for 2 h in a total volume of 10 i^l reaction solution 
consisting of 1 x M - M L V RT buffer, 0.5 m M each dNTP, 0.5 |ag oligo-dT, and 100 U 
M - M L V reverse transcriptase. 
To optimize the cycle numbers used for semi-quantitative PGR analysis, the RT 
reaction (1 |LI1) from untreated cultured follicle cells was used as template for PCR 
amplification. The primers used for FSHR, L H R and G A P D H were listed in Table 3-1. 
The PCR reaction mixture with total volume of 30 \x\ consisted of Ix PCR buffer, 0.2 m M 
each dNTP, 2.5 m M MgCl�，0.2 fiM of each primer, and 0.5U Tag polymerase. PCR was 
carried out on the Thermal Cycler 9600 (Eppendorf) for various cycles with the profile of 
30 sec at 94°C, 30 sec at the designated annealing temperature (62。C for FSHR; 58°C for 
LHR; 56。C for G A P D H ) and 1 min at 72。C. The PCR products from different cycles of 
amplification were electrophoresized on 1.8% agarose gel containing ethidium bromide 
and visualized on a UV-transilluminator. The signal intensity was quantitated with the 
Gel-Doc 1000 system and Molecular Analyst Software (Bio-Rad). The cycle numbers 
that generate half-maximal amplification were used for subsequent semi-quantitative 
analysis of gene expression, and they are 33 cycles for FSHR, 34 cycles for LHR, and 23 
cycles for G A P D H (Fig. 3-1). To validate the semi-quantitative RT-PCR assays, 
serially-diluted plasmids containing FSHR, L H R and G A P D H were used as templates to 
perform P C R amplification to evaluate the correlation between the input of template and 
the output of P C R amplification (Fig. 3-1). PCR products were sequenced to confirm the 
specificity of P C R amplification. 
、 56 
Table 3-1. Primers for semi-quantitative RT-PCR analysis 
Gene Primer sequence Expected size 
Sense: 5 '-ATGGATCCACTCGCTCTTT-3 ‘ 
FSHR 421 bp 
Antisense: 5 '-GCATTACTGGGAATCCTCTCTAT-3 ‘ 
Sense: 5 '-AAGGACGAGTCGCTGAAAC-3 ‘ 
L H R 663 bp 
Antisense: 5 '-GATTCATTGTGGCGTATTCA-3 ‘ 
Sense: 5'- AATGAAGGGAATTCTGGGA -3' 
G A P D H 398 bp 
Antisense: 5’-AACAACTACAGCAATGCCTG-3， 
All the primers were synthesized by Integrated D N A Technologies, Inc. (Coralville, Iowa) 
3.2.6 Data analysis 
The m R N A level of each gene under investigation was first normalized to that of 
G A P D H , which act as the internal control, and then expressed as the percentage of the 
control group. The data were analyzed by one-way A N O V A followed by Dunnett's test 
using GraphPad Prism 4.0 for Macintosh OS X (GraphPad Software, San Diego, CA). 
W e performed all the experiments at least twice to confirm the results using different 
batches of animals. 
3.3 Results 
3.3.1 Validation of semi-quantitative RT-PCR assays 
Using the cycle numbers that generate half-maximal PCR amplification, we 
performed PCR reactions on serially-diluted plasmid templates that contain target D N A 
fragments. As shown in Fig. 3-1，a clear linear relationship between template input and 
output of PCR amplification is established for FSHR, L H R and G A P D H , demonstrating 
the feasibility of the assays for quantitating m R N A levels after reverse transcription. 
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3.3.2 Gonadotropin regulation of FSHR and LHR expression in cultured zebrafish ovarian 
follicle cells 
To examine whether gonadotropin regulates the expression of FSHR and L H R in 
cultured zebrafish ovarian follicle cells, a time course experiment was first carried out. 
Treatment of the cultured follicle cells with hCG at 10 lU/ml for a period from 0.5 h to 6 h 
significantly decreased FSHR and L H R expression, yet the decrease of expression was 
abrupt for both receptors and there was no clear pattern of time-dependence within the 
period. The down-regulatory effect of hCG was strong for both receptors with L H R 
expression down to 10% whereas FSHR to about 30% of the respective control level (Fig. 
3-2). W e chose to test the period from 0.5 to 6 h because previous studies in our 
laboratory have demonstrated that the stimulatory effects of hCG on the expression of 
activin (3A and ActRIIA receptor (124), activin-binding protein follistatin (128), PACAP 
(132) all peaked around 2 h of the treatment with hCG, which was followed by significant 
decline in their expression with longer treatment. W e also performed two sets of 
experiments with shortened (reduced to as short as 5 min) or lengthened duration of hCG 
treatment (from 6 h up to 48 h). However, the suppression of FSHR and L H R transcripts 
was evident within 5 min and lasted for as long as 48 h，again lacking a clear 
time-dependent pattern (Fig. 3-2). In all experiments performed, the suppression of 
F S H R was less prominent than that of LHR. 
When tested at 0.5 h of the treatment, hCG exhibited a clear dose-dependent 
inhibitory effect on the expression of FSHR and LHR. Significant decrease in FSHR and 
L H R expression was observed at the dose of 1 lU/ml hCG, and the response reached the 
maximal level at 5 lU/ml h C G There was no further decrease of FSHR and L H R 
expression with a higher dose ofhCG (10 lU/ml) (Fig. 3-3). 
To demonstrate that the powerful suppression of FSHR and L H R m R N A in cultured 
follicle cells by h C G was not due to any nonspecific toxic effect, we designed an 
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experiment to test the ability of the treated follicle cells to recover from the suppression 
after removal of h C G After 0.5 h treatment with or without hCG (10 lU/ml), the medium 
was removed and the follicle cells washed. The culture was then continued in the 
presence or absence of h C G (10 lU/ml) for an additional 5 h. Control was also included 
with or without h C G (10 lU/ml) treatment for 0.5 h only. The result showed that the 
expression of FSHR and L H R in cultured follicle cells could fully recover after removal of 
h C G (Fig. 3-4). The expression of the house-keeping gene G A P D H remained rather 
constant throughout the whole treatment, which also indicated that the cultured follicle 
cells were in healthy condition. 
3.3.3 Effects of db-cAMP and forskolin on FSHR and LHR expression 
It is well documented that cyclic A M P (cAMP) is the major secondary messenger 
molecule involved in gonadotropin signal transduction (42，87). To investigate the 
involvement of c A M P in the desensitizing effect of hCG on FSHR and L H R expression in 
the zebrafish ovarian follicle cells, we tested two drugs that increase the intracellular 
cAMP: db-cAMP (a c A M P analogue) and forskolin (an activator of adenylate cyclase). 
Treatment of the cultured zebrafish follicle cells with db-cAMP at 1 m M also decreased the 
expression of FSHR and LHR. However, the inhibitory effects of db-cAMP on the two 
receptors were much less potent than those of hCG with only about 30-40% suppression, 
and the time required to observe an effect was much longer (3 h) than that resulting from 
exposure to h C G (30 min; Fig. 3-5). Experiment was also performed to examine the 
effects of longer treatment (up to 24 h) with db-cAMP on cultured follicle cells, however, 
the inhibitory effects reached the maximal level at 6 h of the treatment as shown in Fig. 3-5, 
and longer incubation did not generate any further suppression (data not shown). When 
tested at 6 h of treatment, db-cAMP decreased the expression of both FSHR and L H R in a 
dose-dependent manner; the significant effect was observed at 1 m M , and the response 
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reached maximal level at 10 m M (Fig. 3-5). Consistent with the effects of db-cAMP, 
treatment with forskolin at 10 |aM also demonstrated similar suppression of FSHR and 
L H R in a time-dependent manner with effective suppression occurring at 3 h of the 
treatment (Fig. 3-6). Similarly, treatment of the follicle cells with forskolin for 6 h also 
exhibited a clear dose-dependent effect on both FSHR and L H R (Fig. 3-6). As 
demonstrated with db-cAMP, the effects of forskolin on FSHR and L H R expression were 
also less effective and slower than those ofhCG (Fig. 3-7). 
3.3.4. Effects ofH89 on hCG-induced suppression of FSHR and LHR expression 
The experiments with db-cAMP and forskolin clearly showed that although these 
drugs also suppressed FSHR and L H R expression to some extent, similar to the effects of 
hCG, the kinetics and potency of their actions were significantly different from those of 
h C G This suggested that the cAMP-mediated signal transduction may not be the major 
pathway for the powerful suppressive effects of hCG on FSHR and LHR. To test this 
idea, we did an experiment to analyze the effects of hCG on the two receptors in the 
presence or absence of H89, a potent inhibitor of cAMP-dependent PKA. As shown in 
Fig. 3-8, H89 had no effect on the inhibition of FSHR and L H R expression by h C G 
3.4 Discussion 
Gonadotropins exert their effects on ovarian development and function through 
interaction with their corresponding receptors on the surface of the ovarian follicle cells. 
In teleosts, although it has been generally accepted that there are two distinct 
gonadotropins, FSH and LH, which are important in controlling fish reproduction, the 
exact mechanisms by which FSH and LH work have not been well characterized. In the 
zebrafish, we and others have demonstrated that gonadotropin(s) (hCG) has potent 
stimulatory effect on final oocyte maturation (123, 171), and the effect may be mediated by 
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local ovarian factors such as activin (123, 125). Using the zebrafish ovarian follicle cell 
culture system established by our laboratory (124), various autocrine and paracrine factors 
have been demonstrated to be stimulated by gonadotropin(s) (hCG), including activin (3 A, 
activin type IIA receptor (ActRIIA), follistatin and PACAP (85, 124，128, 132). 
Interestingly, the expression of these factors normally reached their peak levels around 2 h 
of h C G treatment, and then quickly became desensitized with longer hCG exposure (e.g., 
4-8 h). This phenomenon prompted us to undertake the present experiments after cloning 
F S H R and L H R in the zebrafish to examine the expression of these receptors in response 
to h C G in the cultured ovarian follicle cells. To our surprise, the expression of FSHR and 
L H R was abruptly and rapidly suppressed by hCG (10 lU/ml) as quickly as 5 min. This 
is somewhat similar to the studies performed in mammals including rats and mice. In 
mice, after pre-treatment with P M S G (pregnant mares' serum gonadotropin) to induce 
follicle growth, an injection of h C G (10 lU) in vivo effectively and gradually decreased 
F S H R m R N A level in the mouse ovary assayed within 12 h (100). Such decrease in 
F S H R m R N A level after h C G administration has also been reported in immature rats (38， 
94). The other G T H receptor, LHR, also exhibited such down-regulation by LH/hCG, as 
reported in rats. Both in vivo injection of rats with hCG (10 lU) and incubation of 
isolated preovulatory follicles with L H led to a drastic decrease of L H R m R N A , with 
maximal down-regulation occuring from 6 h to 24 h (106，107). The discrepancy 
between these experiments in mammals and our finding in the zebrafish in terms of the 
speed of response to h C G may be due to different systems employed and species difference. 
With in vivo injection of the rodents, the effect of hCG is expected to be slower because of 
the fact that it takes time for the drug to reach the effector organ through the blood stream. 
In comparison, the desensitization effect ofhCG in an in vitro culture system is more direct 
and should take less time for the effect. 
It is generally accepted that c A M P is the major secondary messenger involved in the 
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signal transduction of gonadotropins (42, 87), and this has also been demonstrated by our 
previous studies in the zebrafish ovary (85，128). To assess the involvement of c A M P in 
the inhibitory effects of h C G on FSHR and L H R expression, two pharmacological drugs 
that increase intracellular c A M P level were used in the present study. Both db-cAMP and 
forskolin could lead to down-regulation of FSHR and L H R expression level in a time- and 
dose-dependent manner; however, the suppression by increased c A M P clearly lagged 
behind that by h C G and it was much less potent. Similar suppression pattern by c A M P 
analog has also been reported in a model system using mouse Leydig cells. L H R m R N A 
level in these cells is under homologous down-regulatory control, and its m R N A level 
gradually declined after 6 h treatment with 200 m M 8-Br-cAMP (another c A M P analog) 
(170); however, h C G also exhibited similar gradual suppression , which is different from 
what was observed in the present study. Another research group also reported that a high 
dose of forskolin mimicked hCG effect and inhibited L H R m R N A expression in rat 
preovulatory follicles after 6-h incubation; however, no time course experiment was 
performed in this study (107). Homologous down-regulation of FSHR by FSH was also 
reported for F S H R in cultured rat Sertoli cells, and the effect was maximal after 4 h 
treatment and could be mimicked by db-cAMP and forskolin (172). Our observations 
agree in part with these reports that c A M P is involved in the down-regulatory machinery of 
F S H R and L H R within a period of several hours; however, the present study demonstrated 
that the effect of h C G could not be completely mimicked by c A M P analog or forskolin, 
which is different from the studies in other systems. These lines of evidence have led us 
to hypothesize that the inhibition of FSHR and L H R m R N A by hCG in cultured zebrafish 
ovarian follicle cells may involve at least two independent signaling mechanisms. The 
major pathway leading to FSHR and L H R inhibition did not seem to be mediated by c A M P 
because the magnitude and time course of hCG effects could not be accounted for by the 
effects of c A M P and forskolin. This was further supported by the evidence that H89 
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could not block the effects ofhCG In our previous studies, H89 could completely abolish 
the hCG-stimulated activin pA，follistatin and PACAP expression in cultured zebrafish 
follicle cells culture (85，128，132). In addition to this cAMP-independent pathway, hCG 
may also signal through a minor pathway mediated by cAMP, which works much slowly 
and less potently. To identify the putative pathways responsible for the powerful 
hCG-induced F S H R and L H R suppression will be an interesting issue to address in the 
future. It has been reported in mammals that LH/hCG binds to L H R specifically, and 
apart from stimulating adenylate cyclase, L H R also activates another G protein-dependent 
signaling pathway involving phospholipase C (PLC) (173-175). While the secondary 
messenger generated by adenylate cyclase is largely cAMP, PLC pathway generates 
multiple secondary messengers, such as inositol 1,4,5-triphosphate (IP3), diacylglycerol 
(DAG) and arachidonic acid (87). The potential involvement of these secondary 
messengers in hCG-induced zebrafish FSHR and L H R desensitization needs to be 
addressed. It is also interesting to investigate whether the observed desensitization 
phenomenon is due to a regulatory protein that specifically binds m R N A . Recently, a 
L H R mRNA-binding protein (LRBP) was identified in rat ovary and by gel mobility shift 
assay, the binding activity of LRBP to L H R m R N A increased 12 h after hCG injection to 
the rat, and at the same time the L H R m R N A level reached minimum level (106). 
Ligand-induced receptor desensitization has been well documented in many different 
hormone and neurotransmitter signaling systems including FSHR and LHR. Other 
examples of desensitization that have been extensively studied are the response to light by 
the photoreceptor rhodopsin (176), and the p2-adrenergic receptor (P2AR) (177). 
Gonadotropin desensitization is thought to be regulated through several mechanisms. 
One of the mechanisms is the rapid uncoupling of the receptor from Gs protein 
(stimulatory G protein). The phosphorylation of the G T H R after agonist binding is 
thought to be an important event in the uncoupling process (108). Two kinds of protein 
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kinases may be involved in this process: (1) secondary messenger-dependent kinase such 
as P K A or PKC, which are responsible for agonist-independent, or heterologous 
desensitization; and (2) G protein-coupled receptor kinases (GRKs), which trigger the 
agonist-specific, or homologous desensitization (112). Another protein, P-arrestin, is 
believed to prevent further signal transduction by binding to the intracellular domain of the 
receptor (113). As a result, the increase of intracellular c A M P level after homologous 
desensitization is temporary, as demonstrated in a FSHR-transfected mouse cell line (113). 
Therefore prolonged stimulation of the uncoupled receptor by agonist does not further 
increase c A M P level. The second mechanism of gonadotropin desensitization involves 
the aggregation and internalization of agonist-bound GTHR, which is a slower process 
than receptor uncoupling. Internalization of the receptor decreases the receptor density 
on the cell surface for ligand binding, therefore reducing the hormone signaling effect. It 
was demonstrated in rat granulosa cells by indirect immunofluorescence that during h C G 
treatment, the aggregation of L H R was observed as quick as 20 min (115). Endocytosis 
and internalization of agonist-bound receptor were demonstrated in rat-LHR (rLHR) 
transfected cell line with radioactively labelled (110，116). There is increasing 
evidence that phosphorylation of receptors is involved in the desensitization of G T H R . 
With potential phosphorylation amino acid residues mutated, the rate of internalization of 
[i25l]hCG-bound rLHR was slower than wild-type rLHR (110，116). Although both 
mechanisms may also occur in the zebrafish ovarian follicle cells, the present study points 
to a third mechanism for hCG-induced FSHR and L H R desensitization, i.e., the 
down-regulation of F S H R and L H R m R N A transcripts. Whether this down-regulation is 
due to decreased transcription and/or transcript splicing, or reduced m R N A stability 
remains unknown, and the issue will be investigated in the future. 
The present study has clearly demonstrated that hCG only activates zebrafish L H R 
without any effect on FSHR. The effect of FSH on G T H R expression would be an 
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interesting topic for future study. With our recent evidence for the specific activation of 
F S H R by zebrafish FSH that does not cross-react with LHR, and the establishment of a 
stable cell line that produces recombinant zebrafish FSH (So and Ge，unpublished data), 
we will soon be able to address this issue in our future studies. Another interesting 
phenomenon observed in the present study was that both FSHR and L H R m R N A in the 
cultured zebrafish ovarian follicle cells were suppressed by hCG and increased cAMP, 
however, the suppression of L H R was consistently greater than that of FSHR. The reason 
for the suppression of F S H R transcription by hCG and its slightly weaker response than 
L H R is unknown, and it is particularly puzzling to us because we have shown that hCG is 
highly specific to zebrafish LHR. One possibility is that in the zebrafish ovary, FSHR 
and L H R are co-localized in the same follicle cells, and therefore both are subject to the 
down-regulatory signals generated by L H R activation. The weaker response of FSHR as 
compared with that of L H R suggests that there may be a separate population of follicle 
cells in the culture that expresses FSHR only, and these cells are not responsive to hCG 
because of lack of LHR. This idea is entirely hypothetical at this moment, and we are 
now in the process of preparing specific antibodies for zebrafish FSHR and L H R for 
confocal microscopic localization of these receptors in both the intact zebrafish follicles 
and cultured follicle cells. However, this hypothesis is supported by the finding in the 
salmonids. In coho salmon ovarian follicles, the granulosa cells express both FSHR and 
LHR, whereas the theca cells express FSHR only (59). Another possibility is that the 
zebrafish follicle cells in culture may form gap junctions between adjacent cells, which 
allow exchange of regulatory molecules of less than 1 kDa (e.g., calcium ions, cAMP, 
inositol 1,4,5-triphosphate) (178). The existence of these gap junctions between different 
types of cells that differentially express FSHR and L H R may allow the signaling molecules 
produced in one type of cells expressing L H R to pass to the FSHR-expressing cells, 
leading to the down-regulation of the latter. 
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In summary, the present study provides evidence that gonadotropin (hCG) treatment 
leads to rapid and abrupt inhibitory effect on FSHR and L H R expression in cultured 
zebrafish ovarian follicle cells, which is likely one of the major mechanisms for the 
desensitization observed for a variety of hCG-regulated target genes in the zebrafish. 
Interestingly, the inhibitory effects could not be fully mimicked by drugs that increase the 
intracellular levels of cAMP, suggesting that the rapid suppression of FSHR and L H R by 
gonadotropin (hCG) is not mediated by the cAMP-PKA signaling pathway. Other 
cAMP-independent signaling mechanisms are likely responsible for the rapid 
desensitization effect. Apart from acute desensitization effect, gonadotropin (hCG) may 
also have long-term inhibitory effects on the two receptors, which is likely mediated by the 
cAMP-dependent pathway. 
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Fig. 3-1. Validation of the semi-quantitative RT-PCR assay for zebrafish FSHR, L H R and 
G A P D H for cultured zebrafish ovarian follicle cells. Left panel. Kinetics of P G R 
amplification with the electrophoretic image shown at the bottom. The cycle number 
(33x for FSHR; 34x for LHR; 23x for G A P D H ) that generates half maximal reaction was 
used to analyze the expression level of the gene. Right panel: P C R amplification of 
cloned c D N A using the cycle number obtained from the left panel. Each value represents 
the mean 士 S.E.M. of three P C R reactions. 
、 67 
0 0.5 1 3 , 6 
I 1 1 i 1 1 
O E ^ ^ H ^ ^ ^ B ^ ^ H H I ^ H ^ H f sh r 
晒 FSHR g g ^ j i g g g i i g i g i i i i g ^ l l ^ l LHR 
• L H R • • • I • • • • • • • • GAPDH 
A 




0 0.5 1 3 6 
hCG (h, 10IU/mI) 
B 120-, C 120-1 
n 跡 i i i i 
g § 80- ^ § 80- ** 
Ii： _ i _ _ .. li： 1 1 1 1 1 
0. 0- m m i t L m m 
0 5 1 0 2 0 3 0 0 6 1 2 2 4 4 8 
hCG (巾In, 10 lU/ml) hCG (h, 10 lU/ml) 
Fig. 3-2. Time course of gonadotropin (hCG, 10 lU/ml) effects on the expression of 
FSHR and L H R in cultured zebrafish ovarian follicle cells. Different durations of 
treatment time were tested: (A) From 0.5 h to 6 h; (B) from 5 min to 30 min; (C) from 6 h 
to 48 h. The expression levels were normalized with G A P D H and expressed as the 
percentage of respective control. Each value represents the mean 士 S.E.M. of 
independent RT-PCR reactions of three replicates. * * ， + + ， P < 0.001 V5. control. 
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Fig. 3-3. Dose response of gonadotropin (hCG) effects on the expression of FSHR and 
L H R in cultured zebrafish ovarian follicle cells for 30 min. The expression levels were 
normalized with G A P D H and expressed as the percentage of respective control. Each 
value represents the mean 士 S.E.M. of independent RT-PCR reactions of three replicates. 
**, + + ， P < 0.001 V5. control. 
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Fig. 3-4. Recovery of gonadotropin (hCG) effects on the expression of FSHR and L H R 
in cultured zebrafish ovarian follicle cells. The cells were first incubated in the presence 
or absence of hCG (10 lU/ml) for 0.5 h, and the medium was then changed after washing, 
followed by an additional 5-h incubation with or without hCG (10 lU/ml) treatment. 
Each value represents the mean 士 S.E.M. of independent RT-PCR reactions of three 
replicates. *，P < 0.05; **，++, P < 0.001 V5. control. 
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Fig. 3-5. (A) Time course (dose of db-cAMP at 1 m M ) and (B) dose response (treatment 
for 6 h) of db-cAMP effects on the expression of FSHR and L H R in cultured zebrafish 
ovarian follicle cells. The expression levels were normalized with G A P D H and 
expressed as the percentage of respective control. Each value represents the mean 士 
S.E.M. of independent RT-PCR reactions of three replicates. *, P < 0.05; * * ， + + ， P < 
0.001 V5. control. 、 71 
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Fig. 3-6. (A) Time course (dose of forskolin at 10 |iM) and (B) dose response (treatment 
for 6 h) of forskolin effects on the expression of FSHR and L H R in cultured zebrafish 
ovarian follicle cells. The expression levels were normalized with G A P D H and 
expressed as the percentage of respective control. Each value represents the mean 士 
S.E.M. of independent RT-PCR reactions of three replicates. P < 0.05; * * ， + + ， P < 
0.001 V5. control. (One of the samples in graph A was accidentally lost and not included 
in statistical analysis.) 
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Fig. 3-7. Comparison of time course effects of various drugs (hCQ db-cAMP and 
forskolin) on the expression of FSHR and L H R in cultured zebrafish ovarian follicle cells. 
The expression levels were normalized with G A P D H and expressed as the percentage of 
respective control. Each value represents the mean 土 S.E.M. of independent RT-PCR 
reactions of three replicates. 
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FSHR and L H R expression in cultured zebrafish ovarian follicle cells. The expression 
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In vertebrates, reproductive functions are mainly controlled by the 
hypothalamic-pituitary-gonadal axis. Gonadotropins, follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH), play central roles in the reproductive process. They are 
heterodimers composed of a common a subunit (GTHa) and a distinct (3 subunit (FSHp, 
LHp) that confers biological specificity of the hormone (5). Their secretion from the 
pituitary is closely modulated by neuroendocrine, endocrine and paracrine factors from all 
of the three components of the axis (133，134). The differential expression of FSH and 
L H during the reproductive cycle is critical for the dynamic changes taking place in the 
gonads. 
In mammalian ovary, gonadotropins exert their effects on ovarian reproductive 
functions through their corresponding gonadotropin receptors located in the ovary. The 
two gonadotropin receptors, FSH receptor (FSHR) and L H receptor (LHR), are members 
of G protein-coupled receptors and characterized by having large extracellular domain, 
seven transmembrane domains and intracellular domain coupled to G protein to modulate 
intracellular signal transduction (2-4). FSHR is localized in granulosa cells from small 
follicles to preovulatory follicles as demonstrated in human and rats (38，75), while L H R is 
expressed in theca cells of developing follicles and its expression in granulosa cells shows 
up in preovulatory follicles (38). Gonadotropin receptors mediate the steroidogenic effect 
and trophic growth of ovarian follicles of their ligands, and at the same time, their 
expression is closely regulated by gonadotropins. FSH stimulates the expression of both 
F S H R (95，96) and L H R (102) in cultured granulosa cells, whereas LH/hCG markedly 
down-regulates F S H R expression (38, 94，100) as well as L H R expression (106，107) 
during in vivo hCG-induced ovulation. The differential regulation of gonadotropin 
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receptors during the reproductive cycle reflects the dynamic regulation of ovarian 
functions by gonadotropins. 
In teleosts, two types of gonadotropins, FSH (formerly termed GTH-I) and L H 
(formerly termed GTH-II), have also been characterized in various species (1). In 
salmonids, FSH is hypothesized to be mainly involved in controlling gonadal growth while 
L H is responsible for maturation and ovulation (1). Yet the roles of gonadotropins in 
reproduction in cyprinids remain largely unknown. The information about gonadotropin 
receptors in teleosts is limited, particularly in terms of their functional identities, 
expression and regulation in the process of ovarian development. Expression of 
gonadotropin receptors in teleosts is different from that in mammals. FSHR is found in 
both granulosa and theca cells, whereas L H R expression is found in granulosa cells in 
preovulatory follicle only (59, 60). Another discrepancy is the specificity of the 
gonadotropin receptors towards their ligands. Molecular cloning of gonadotropin 
receptors facilitates the receptor activation studies and generates confusing paradigm of 
receptor cross-activation (61-66), which is different from the situation in mammals where 
the receptors are highly specific (3, 4). 
In our previous studies, gonadotropin regulation of a variety of important ovarian 
growth factors, their receptors and binding proteins, as well as steroidogenic enzymes, 
have been investigated (85, 110，123-132). Among these genes, activin (3A, ActRIIA, 
follistatin and P A C A P are found to be stimulated by gonadotropin, yet the stimulatory 
effect is desensitized after longer treatment (85, 124, 128，132). 
The present study was undertaken to characterize the functions and regulation of 
gonadotropin receptors in the zebrafish ovary. During the course of the study, FSHR and 
L H R were cloned and analyzed. F S H R and L H R expressing cell lines were established to 
functionally characterize the receptors by challenging with their ligands. The differential 
expression of F S H R and L H R during ovarian and follicle development was analyzed. 
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Gonadotropin regulation of their own receptors and the mechanisms involved were studied 
with zebrafish ovarian follicle cell culture. Results from these studies can provide 
important information for analysis of zebrafish ovarian function and mechanisms of 
gonadotropin action at molecular level. 
4.1 Cloning of zebrafish FSHR and LHR cDNAs and demonstration of receptor 
specificity 
To investigate the functional characteristics of the zebrafish gonadotropin receptors, I 
have cloned the full-length cDNAs of the zebrafish FSHR (zfFSHR) and L H R (zfLHR). 
Based on amino acid sequence analysis, both FSHR and L H R has the highest homology to 
the counterparts in other teleost species (61-66). Hydropathy analysis shows that both 
receptors exhibit seven transmembrane domains, which is characteristic of G 
protein-coupled receptors. Alignment of amino acid residues between zfFSHR and 
zfLHR shows that the transmembrane domains of the two receptors are more conserved 
than the extracellular domain which determines distinct hormone specificity (53, 54). 
With transiently transfected zfFSHR and zfLHR cells and subsequent confirmation by 
stable C H O cell clones, it is demonstrated that hCG only stimulates zfLHR without 
co-activating zfFSHR. This information about hCG specificity is important because hCG 
was used in our previous studies of gonadotropin regulation of ovarian functions (85， 
123-132) and it mediates the effect of LH by activating L H R only. 
Stable zfFSHR and zfLHR C H O cell lines have been established in this study and are 
used to test the specificity towards mammalian gonadotropins, bovine FSH (bFSH) and LH 
(bLH). zfFSHR can be stimulated by bFSH only whereas zfLHR can be activated not 
only by bLH but also by high concentrations of bFSH (Fig. 4-1). The two receptor cell 
lines are also used to monitor the production of recombinant zebrafish gonadotropins 
(zfFSH and zfLH), which is carried out by m y colleague So Wai Kin. It was 
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demonstrated that zfFSH is more potent than zfLH in activating zfFSHR, and zfLHR is 
specifically stimulated by zfLH only (Fig. 4-1) (So and Ge, unpublished). The 
discrepancy between specificity of receptors to heterologous and homologous 
gonadotropins, which is also demonstrated by similar studies in the African catfish (65, 66, 
146), clearly indicates that potential cross-activation of receptors by heterologous 
hormones could happen when using such hormones in fish reproduction studies. 
4.2 Evidence for the differential expression of FSHR and LHR in the zebrafish 
ovarian and follicle development 
Using semi-quantitative RT-PCR, it is demonstrated that FSHR and L H R display a 
differential expression pattern during zebrafish ovarian development at the organ level. 
The expression of FSHR was the lowest in primary growth follicle. With the onset of 
puberty and progression of sexual maturation, the expression of FSHR significantly 
increased during vitellogenesis with the peak level reached when the first cohort of 
developing follicles reached mid-vitellogenic stage, followed by an overall decrease in 
FSHR expression when full-grown follicles appear in the ovary. In contrast, L H R 
expression steady increased during follicle growth followed by a drastic increase when the 
first wave of follicles reached the full-grown stage (Fig. 4-2). These data provide 
evidence that FSHR and L H R are differentially expressed, and these may reflect the 
differential roles of zebrafish gonadotropins in the initiation of follicle recruitment and 
growth at the onset of puberty. Concomitant with the expression of FSHR at the primary 
growth ovary, it was also demonstrated in a parallel study that, relatively high expression 
of FSHp m R N A was already detected in the pituitary of zebrafish at the primary growth 
stage (So and Ge, unpublished). This seems to support the hypothesized role of FSH in 
promoting follicle growth in the ovary of teleosts (10，142). 
In the adult zebrafish ovary, the differential expression of FSHR and L H R was also 
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demonstrated during the ovarian follicle development. Similar to the patterns during 
ovarian development, FSHR expression was low at primary growth follicles; however, its 
expression increased dramatically with the follicle growth and reaches the maximal level at 
the mid-vitellogenic stage. L H R expression was barely detectable in the pre-vitellogenic 
follicles, but it significantly increased during vitellogenesis and peaked at full-grown stage. 
These lines of in vivo evidence clearly demonstrate that FSHR and L H R are differentially 
expressed in the zebrafish ovarian and follicle development. 
4.3 Down-regulation of FSHR and LHR expression in the zebrafish follicle cells by 
gonadotropin (hCG) 
Gonadotropins are pivotal regulators of ovarian development and functions. They 
exert their action through gonadotropin receptors expressed on the follicle cells. In this 
study, I further investigated whether gonadotropins have regulatory effects on their own 
receptors in the zebrafish ovarian follicle cells. hCG is used because it activates L H R 
specifically as demonstrated by receptor-specificity studies in Chapter 2. Surprisingly, 
both FSHR and L H R expression were abruptly and rapidly suppressed by hCG as quickly 
as 5 min, and the rapid effect ofhCG could not be fully mimicked by pharmaceutical drugs 
(db-cAMP and forskolin) that increase intracellular cAMP levels. These drugs have a 
slower down-regulatory effect (6 h) than h C G The hCG down-regulatory effect on L H R 
is more potent than on FSHR, which is unexpected considering the specific binding of 
h C G on L H R only. These suggest potential dual signaling mechanisms for gonadotropin 
down-regulation of FSHR and L H R in zebrafish follicle cells: a rapid cAMP-independent 
pathway and a slower cAMP-mediated pathway that lead to decrease in FSHR and L H R 
m R N A level. The independency of c A M P in the powerful suppressive effects of hCG 
was further supported by the observation that H89, a protein kinase A inhibitor, failed to 
reverse the hCG suppression of FSHR and L H R expression. These data provide first 
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evidence that the transcription of gonadotropin receptors is regulated by gonadotropins in 
follicle cell culture and support the desensitization pattern observed in our previous studies 
on gonadotropin regulation of activin pA, ActRIIA, follistatin and PACAP (85, 124，128， 
132). 
In summary, the present study provides evidence that FSHR and L H R display 
differential expression patterns during ovarian and follicle development. This could 
provide clues to the potential roles of FSH and LH in cyprinids. As proposed in 
salmonids, FSH likely promotes vitellogenesis while LH stimulates maturation and 
ovulation. Tested with heterologous hormones, FSHR is specific to mammalian FSH 
while L H R is preferentially stimulated by mammalian LH over FSH. The mammalian 
hormone hCG stimulates L H R without activating FSHR. Gonadotropins regulate ovarian 
development and functions through their receptors, at the same time gonadotropin (hCG) 
down-regulates both FSHR and L H R abruptly and rapidly. The down-regulatory effect is 
not mediated through cAMP-PKA pathway, although cAMP-PKA pathway may have a 
minor and slower effect on the suppression. 
4.4 Future research direction 
The present study opens the door for extensive investigation of the roles of 
gonadotropin receptors in ovarian development and functions. As little is known about 
localization and regulation of gonadotropin receptors in the teleost ovary, future work is 
required to give full explanations to these issues. For cellular expression of gonadotropin 
receptors, confocal microscopy will be useful to localize these receptors in both the intact 
zebrafish follicles and cultured follicle cells. As the ovary produces a number of 
paracrine factors, the potential involvement of these factors in regulation gonadotropin 
receptors can also be studied. Furthermore, the molecular mechanism of gonadotropin 
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desensitization in the teleost follicle cells is far from understood, and it will be an 
interesting issue to investigate in the future. 
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Fig. 4-1. Hormone specificity of gonadotropin receptors: heterologous mammalian 
hormones vs homologous zebrafish gonadotropins. Zebrafish FSHR (zfFSHR) is specific 
to bovine FSH (bFSH) while zebrafish L H R (zfLHR) is preferentially activated by bovine 
L H (bLH). Higher concentration of bFSH also activates zfLHR. hCG only activates 
zfLHR. For homologous recombinant zebrafish hormones, the activation pattern is 
different. zffSHR is preferentially activated by zfFSH while zfLHR is specific to zfLH 
only. 
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Fig. 4-2. The differential expression profiles of FSHR and L H R during sexual maturation 
in the zebrafish. Both FSHR and L H R expression are low in primary growth (PG) 
follicles. During vitellogenesis FSHR expression increases significantly, from 
pre-vitellogenic (PV), early-vitellogenic (EV) up to maximum level at mid-vitellogenic 
stage. L H R expression is detectable once entering E V and exhibits a rapid increase and 
peaks at the full-grown (FG) stage. 
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